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Abstract
This thesis examines the behaviour of cold-formed stainless steel tubular structural members,
with an emphasis on ferritic stainless steels. Owing to the high comparative expense of stain-
less steel relative to traditional carbon steel, this study aims to identify and develop means of
utilising the material more efficiently.
A comprehensive material test programme was carried out as part of an extensive study into the
prediction of strength enhancements in cold-formed structural sections that arise during produc-
tion. Material tests on a total of 51 flat coupons and 28 corner coupons, extracted from a total
of 18 cross-sections formed from a wide range of materials, were performed. A new, simple and
universal predictive model for harnessing the cold-formed induced strength enhancements was
developed which offers, on average, 19% and 36% strength enhancements for the cross-section
flat faces and corner regions, respectively, relative to the strength of the unformed material.
Ferritic stainless steels, having no or very low nickel content, offer a more viable alternative
for structural applications to the more commonly used austenitic stainless steels, reducing both
the level and variability of the initial material cost. There is currently limited information
available on the structural performance of this type of stainless steel. Therefore, to overcome
this limitation, a series of material, cross-section and member tests have been performed on two
ferritic grades - EN 1.4003 and EN 1.4509. The experimental results were used to assess the
applicability of the current codified design provisions to ferritic stainless steel structural com-
ponents. Moreover, the elevated temperature performance of ferritic stainless steels, covering
the material response and the flexural buckling behaviour, was investigated through analysis
of experimental and numerical results, leading to proposals for suitable design recommendations.
Finally, simplifications and refinements to the recently developed continuous strength method
(CSM) were made. Comparison of the predicted capacities with over 140 collected test results on
stainless steel stub columns and cross-sections in bending shows that the CSM offers improved
accuracy and reduced scatter relative to the current design methods. The reliability of the
approach has been demonstrated by statistical analyses, enabling its use in structural design
standards.
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A Cross-sectional area
Ac Coupon cross-sectional area
Aeff Effective cross-sectional area
A5 Elongation at fracture over a standard gauge length of 5.65
√
Ac
Ac,pb Cross-sectional area of region with enhanced corner strength in press-braked
section
Ac,rolled Cross-sectional area of region with enhanced corner strength in cold-rolled
section
b Section breadth
b¯ Section flat width defined in EN 1993-1-4
c Ramberg-Osgood model parameter
CHS Circular hollow section
CSM Continuous strength method
COV Coefficient of variation
DSM Direct strength method
E Young’s modulus
Esh Strain hardening slope
Et Tangent modulus
E0.2 Tangent modulus at the 0.2% proof stress
Eθ Young’s modulus at elevated temperature θ
E0.2,θ Tangent modulus at the 0.2% proof stress at elevated temperature θ
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g2,θ Parameter used to calculate the stress at 2% total strain at elevated temper-
ature θ
h Section height
I Second moment of area
K Ramberg-Osgood model parameter
kσ Plate buckling coefficient
kE,θ Young’s modulus reduction factor at elevated temperature θ
ky,θ Design yield strength reduction factor at elevated temperature θ
k0.2,θ 0.2% proof stress reduction factor at elevated temperature θ
ku,θ Ultimate tensile stress reduction factor at elevated temperature θ
k2,θ Stress at 2% total strain at elevated temperature θ normalised by 0.2% proof
stress at room temperature
L Length
Lcr Column buckling length
M Bending moment
Mu Ultimate moment capacity
Mpl Plastic moment capacity
Mel Elastic moment capacity
Mu,test Test ultimate moment capacity
Mu,pred Predicted moment capacity
Mcsm CSM predicted bending moment capacity
MEC3 EC3 predicted bending moment capacity
My,c,Rd Cross-section design bending moment resistance about the y-y axis
Mz,c,Rd Cross-section design moment resistance about the z-z axis
My,csm,Rd CSM cross-section design bending moment resistance about the y-y axis
Mz,csm,Rd CSM cross-section design bending moment resistance about the z-z axis
N Axial load
Ny Yield load
Ncr Elastic buckling load
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Nu Ultimate load
Nu,test Test ultimate load capacity
Nu,pred Predicted compressive load capacity
Ncsm CSM predicted compression capacity
NEC3 EC3 predicted compression capacity
Nc,Rd Cross-section design compression resistance
Ncsm,Rd CSM predicted cross-section design compression resistance
n Ramberg-Osgood strain hardening exponent
n′0.2,u Compound Ramberg-Osgood strain hardening exponent - between σ0.2 and σu
points
n′0.2,1.0 Compound Ramberg-Osgood strain hardening exponent - between σ0.2 and
σ1.0 points
nθ Ramberg-Osgood strain hardening exponent at elevated temperature θ
mθ Compound Ramberg-Osgood strain hardening exponent at elevated tempera-
ture θ - Chen and Young (2006) model
n′θ Compound Ramberg-Osgood strain hardening exponent at elevated tempera-
ture θ - Gardner et al. (2010b) model
p Power law model coefficient
q Power law model exponent
R Cross-section rotation capacity
ri Internal corner radius
Rinternal Circular hollow section internal radius
Rexternal Circular hollow section external radius
Rp Ramberg-Osgood model parameter
RHS Rectangular hollow section
SHS Square hollow section
t Thickness
w0 Local imperfection amplitude
Wpl Plastic section modulus
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Wel Elastic section modulus
Weff Effective section modulus
y Distance measured from the section neutral axis
α Imperfection factor for column buckling
β Cross-section slenderness in conventional CSM
γM0 Partial safety factor
δ End-shortening
δu End-shortening at ultimate load
ε Strain or EN 1993-1-4 material parameter
εy Yield strain
εu Strain at ultimate tensile stress
εt,0.2 Total strain at the 0.2% proof stress
εt,1.0 Total strain at the 1.0% proof stress
εt,0.5 Total strain at the 0.5% proof stress
εt,0.05 Total strain at the 0.05% proof stress
εt,0.01 Total strain at the 0.01% proof stress
εpl,f Measured plastic strain at fracture based on specified gauge length
εf,mill Mill certificate strain at fracture
εf Predicted cold-work induced plastic strain in section flat face
εc Predicted cold-work induced plastic strain in section corner region
εf,av Predicted average cold-work induced plastic strain in section flat face
εc,av Predicted average cold-work induced plastic strain in section corner region
εplln Logarithmic plastic strain
εlb Local buckling strain
εcsm CSM predicted failure strain of cross-section
εcr Elastic buckling strain
εθ Strain at elevated temperature θ or material parameter at elevated tempera-
ture θ
εt0.2,θ Total strain at the 0.2% proof stress at elevated temperature θ
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εu,θ Total strain at the ultimate tensile stress at elevated temperature θ
θ Rotation or temperature
θpl Elastic part of total rotation at mid-span when Mpl is reached on the ascending
branch
θu Total rotation at mid-span when moment-rotation curve falls below Mpl on
the descending branch
κ Curvature
κpl Elastic part of total curvature at mid-span when Mpl is reached on the ascend-
ing branch
κu Total curvature at mid-span when moment-rotation curve falls below Mpl on
the descending branch
κu,total Total curvature at ultimate moment
κel Elastic curvature at Mel
λ¯ Column non-dimensional slenderness
λ¯θ Column non-dimensional slenderness at elevated temperature θ
λ¯0 Buckling curve plateau length
λ¯p Non-dimensional plate slenderness
λ¯p,θ Non-dimensional plate slenderness at elevated temperature θ
ω Lateral deflection
ν Poisson’s ratio
ρ Density or effective width reduction factor
σ Stress
σy Yield stress
σu Ultimate tensile stress
σ0.2 0.2% proof stress
σ1.0 1.0% proof stress
σ0.5 0.5% proof stress
σ0.05 0.05% proof stress
σ0.01 0.01% proof stress
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σ0.2,mill Mill certificate 0.2% proof stress
σ1.0,mill Mill certificate 1.0% proof stress
σu,mill Mill certificate ultimate tensile stress
σ0.2,corner Corner region inferred 0.2% proof stress
σ0.2,f,pred Predicted 0.2% proof stress of section flat face
σ0.2,c,pred Predicted 0.2% proof stress of section corner region
σu,f,pred Predicted ultimate tensile stress of section flat face
σ0.2,test Test measured 0.2% proof stress
σu,test Test measured ultimate tensile stress
σcr Elastic buckling stress
σtrue True stress
σcr,cs Cross-section elastic buckling stress
σcr,p,min Cross-section elastic buckling stress based on the most slender plate element
σcsm CSM predicted failure stress
σθ Stress at elevated temperature θ
σ0.2,θ 0.2% proof stress at elevated temperature θ
σu,θ Ultimate tensile stress at elevated temperature θ
σ2,θ Stress at 2% total strain at elevated temperature θ
ω0 Initial global imperfection amplitude
ωu Lateral deflection at ultimate load
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1 Introduction
1.1 Background
This year (2013) marks the centenary of the discovery and commercialisation of stainless steel.
Early developments were made by adding chromium, and later nickel, to carbon steel to create
a family of corrosion resistant steels, known as stainless steel. The invention of stainless steel
is attributed to the combined efforts of scientists and metallurgists around the world, from
Monnartz and Borchersin in Germany in 1911 to Brearley in England in 1912 and Haynes,
Becket and Dantsizen during 1911-1914 in the US (Baddoo, 2013). Hence, 1912-13 is generally
acknowledged as the discovery period of stainless steel.
Stainless steels are iron alloys with a minimum of 10.5% chromium content, which is the key
to its crucial corrosion resistance property, and usually at least 50% iron. When exposed to air
or any other oxidising environment, a very thin, of about 5× 10−9 m, self-repairing chromium-
rich oxide layer forms on its surface, protecting it from further reaction with the environment.
Stainless steels with different mechanical and physical properties are obtained by controlling
the additions of alloying elements. Together with chromium, nickel, molybdenum, titanium
and copper are the main metal additions, each enhancing properties in specific uses. Generally,
increasing the chromium content improves the corrosion resistance of stainless steels. Stainless
steels are commonly grouped into five major types depending on their microscopic structure:
austenitic, ferritic, duplex, martensitic and precipitation hardening.
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1.2 Structural applications
Since its inception, stainless steel has been increasingly used in the construction industry. Early
structural uses of stainless steel include the stabilisation of the dome and supporting structure
of St Paul’s Cathedral in 1925. In 1929, the top 88 m of the Chrysler Building in New York
was clad in stainless steel and later, in the early 1960s, stainless steel was used for the exterior
surface of the Gateway Arch in St Louis, Missouri. More contemporary applications of stainless
steel have extended to structures situated in aggressive environments, supporting structures
for glass walls in commercial buildings, explosion and impact resistant structures, pedestrian
bridges and many more.
Two recent examples of structures that make substantial use of cold-formed stainless steel tubu-
lar elements, which are the focus of the present study, are the Regents Place Pavilion in London
and the Helix bridge in Singapore. Figure 1.1 shows the Regents Place Pavilion in London, UK
which opened to the public in 2009. The structure is made entirely of stainless steel, featuring
258 cold-formed rectangular hollow section columns, each 7.8 m long, supporting a roof plane.
The 50× 50× 4 hollow sections are made of austenitic stainless steel grade EN 1.4404. Figure
1.2 shows the Helix pedestrian bridge in Marina Bay, Singapore which was opened to the public
in 2010. It is the world’s first double helix pedestrian bridge, where two helices made of duplex
stainless steel hollow sections spiral around each other to form the shell of the 280 m structures.
1.3 Research objectives
Owing to the higher comparative material cost of stainless steel relative to carbon steel, it is
imperative that grade selection is carefully made and that design guidance is as efficient as
possible. Development of the use of stainless steel grades which have lower expensive alloy
contents and designing stainless steel structures by taking advantage of its distinct mechanical
properties, especially its high strain hardening characteristics, provides ways towards balancing
its high costs. Ferritic stainless steels with little or no nickel content, providing a substantial
price reduction in terms of initial material costs, are considered in this thesis as an alternative to
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Figure 1.1: The Regents Place Pavilion, UK (2011)
Figure 1.2: The Helix pedestrian bridge, Singapore (2013)
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the commonly used austenitic stainless steel grades. Methods of harnessing the extra strength
enhancements induced during cold-form fabrication of stainless steel sections are developed,
consequently leading to less tonnage use of the material for the same applied structural load
levels. A method for the design of stainless steel structural components, taking advantage of its
strain hardening characteristics, is also developed as a replacement for the overly conservative
design rules provided in current stainless steel international design standards and specifications.
1.4 Thesis outline
This introductory chapter presents a brief overview of the origin of stainless steel and its appli-
cations in the construction industry. The research objectives are set out and the thesis outline
is provided.
Chapter 2 contains a review of the literature that is relevant to this research project. The
review is intended to give an overview of important topics, with the majority of the literature
being introduced and discussed at the relevant stage in the thesis.
Chapter 3 describes a material test programme carried out as part of an extensive study into the
prediction of strength enhancements in cold-formed structural sections arising during produc-
tion. The experimental techniques implemented, the generated data and the analysis methods
employed are fully described.
Chapter 4 begins with a comparative study of existing literature models to predict the strength
increase in cold-formed sections that arise during fabrication. Modifications to the existing
models are then made, and an improved model is presented and statistically verified.
In Chapter 5, a full scale experimental investigation into the structural behaviour of ferritic
stainless steel tubular members is presented. Material tests, stub column tests, in-plane bend-
ing tests and flexural buckling tests are carried out. The experimental results are used to assess
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the applicability of the current European and North American design provisions to ferritic
stainless steel structural components. In addition, the relative structural performance of ferritic
stainless steel to that of more commonly used stainless steel grades is also presented.
The application of ferritic stainless steels is extended to fire conditions in Chapter 6. A nu-
merical modelling programme is conducted to study the buckling response of ferritic stainless
steel columns at elevated temperatures. Following validation of the numerical models against
test data, parametric studies are carried out to investigate the effect of variation of key pa-
rameters and to generate further structural performance data. The results are used to propose
suitable design recommendations for ferritic stainless steel columns in fire. In addition, a series
of strength and stiffness reduction factors, required for determining the elevated temperature
material properties for a range of ferritic stainless steel grades are proposed.
The recent refinements and developments to the continuous strength method for stainless steel
structures are described in Chapter 7. A total of 81 stub column tests results and 65 beam test
data are used to validate the method. Reliability analysis is performed to statistically validate
the method, allowing its use for structural design.
Finally, Chapter 8 summarises the findings of the research project as well as identifying possible
areas for future research.
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2.1 Introduction
This chapter provides an overview of previous research into the behaviour of stainless steel and
its design aspects relevant to this thesis, while further literature is introduced and reviewed in
the subsequent individual chapters. Firstly, the important features of the material stress-strain
behaviour of stainless steel, its response to cold-working and its elevated temperature perfor-
mance are discussed. A summary of the development of structural stainless steel design guidance
covering the American, European and Australian/New Zealand design standards is then pre-
sented. This is followed by a review of the design approaches for the treatment of local buckling
and the prediction of cross-section capacity for thin-walled stainless steel structures, as adopted
by the aforementioned design standards, and more advanced methods proposed in the literature.
2.2 Material stress-strain behaviour
It is well known that the stress-strain response of stainless steel is distinctly different from
that of structural carbon steel. A schematic diagram comparing the stress-strain behaviour
of carbon steel with austenitic and duplex stainless steel grades is provided in Figure 2.1. As
shown, carbon steel has a linear elastic region and clear yield stress point, followed typically
by a yield plateau, though this may be eroded by cold-working or in the presence of residual
stresses. In contrast, stainless steel has a non-linear stress-strain response with low propor-
tional limit, no clearly defined yield point, with its yield stress generally defined in terms of
a proof stress at a particular offset strain, conventionally the 0.2% strain. Stainless steel also
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exhibits a considerable amount of strain hardening and higher ductility levels, with strains at
fracture of approximately 40-60% for the austenitic and duplex grades, but lower for the ferritics.
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Figure 2.1: Typical stress-strain curves for stainless steel and carbon steel
The stress-strain behaviour of stainless steel is also anisotropic, where upon loading, the ma-
terial aligned transverse to the rolling direction (transverse direction) exhibits higher strain
hardening than the material aligned parallel to the rolling direction (longitudinal direction).
Hence, higher yield stress values are obtained from tests on coupon specimens cut in the trans-
verse direction than in the longitudinal direction (Johnson and Winter 1966; Cruise 2007). The
material response of stainless steel is also dependent on the loading type, leading to asymmetric
stress-strain curves in tension and compression. The degree of non-linearity, anisotropy and
asymmetry exhibited depends on the grade, the chemical composition and the heat treatment
and the level of cold-working that the material has undergone (Gardner, 2005).
The familiar Ramberg-Osgood material model developed by Ramberg and Osgood (1943) and
later modified by Hill (1944) was originally developed to describe the continuous non-linear
stress-strain behaviour of aluminium alloys (Mazzolani, 1995). The model has been adopted for
other metallic materials with similar stress-strain characteristics such as stainless steel and some
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high-strength steels. Detailed description of the model for stainless steel materials as modified
by various researchers to improve the prediction of the model is provided herein.
As originally proposed by Ramberg and Osgood (1943), the basic material model is formu-
lated such that the total strain is expressed as the summation of the elastic and plastic strain
components, as given by Equation (2.1), where ε and σ are the engineering strain and stress
respectively, E is the Young’s modulus and K and n are model constants.
ε =
σ
E
+ K(
σ
E
)n (2.1)
The model was later modified by Hill (1944) resulting in Equation (2.2) with new parameters
Rp and c which are the proof stress and the corresponding offset plastic strain, respectively.
Adopting the proof stress at 0.2% plastic strain, gives the most familiar form of the Ramberg-
Osgood model given by Equation (2.3), where σ0.2 is the 0.2% proof stress.
ε =
σ
E
+ c(
σ
Rp
)n (2.2)
ε =
σ
E
+ 0.002(
σ
σ0.2
)n (2.3)
This equation has been found to give excellent predictions of stainless steel material stress-strain
behaviour up to the 0.2% proof stress, but tends to over-predict the stresses beyond this point.
In order to overcome this, Mirambell and Real (2000) proposed a two staged analytical model
for stainless steel stress-strain behaviour. The basic Ramberg-Osgood expression, reported in
Equation (2.3), was adopted up to the 0.2% proof stress, where the strain hardening exponent
n was determined using the 0.05% proof stress point (εt,0.05, σ0.05) and the 0.2% proof stress
point (εt,0.2, σ0.2), εt,0.05 and εt,0.2 being the total strain at the 0.05% and 0.2% proof stresses,
respectively. A modified Ramberg-Osgood expression, as given in Equation (2.4), was employed
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for stresses beyond the 0.2% proof stress and up to the ultimate tensile stress. The origin of
the second curve was defined at the 0.2% proof stress, with continuity of both magnitude and
gradient ensured at the transition point.
ε =
σ − σ0.2
E0.2
+
(
εu − εt,0.2 − σu − σ0.2
E0.2
)(
σ − σ0.2
σu − σ0.2
)n′0.2,u
+ εt,0.2 for σ0.2 < σ ≤ σu (2.4)
where εu is the strain at the ultimate tensile stress, E0.2 is the tangent modulus at the 0.2%
proof stress point (εt,0.2, σ0.2) and n
′
0.2,u is an additional strain hardening exponent.
Rasmussen (2003) adopted Mirambell and Real’s model (2000) and proposed that the n coef-
ficient may be obtained using the 0.01% proof stress point (εt,0.01, σ0.01) and the 0.2% stress
(εt,0.2, σ0.2) instead. In addition, expressions for determining the strain hardening exponent
n′0.2,u, ultimate tensile stress σu and the strain at the ultimate tensile stress εu for given values
of the Ramberg-Osgood parameters (E, σ0.2 and n) were developed following an analysis of
experimental stress-strain data. The resulting model is able to describe the full stress-strain
curve for stainless steel alloys by using the three basic parameters E, σ0.2 and n.
Due to the dependency of the proposed two staged material model on the ultimate tensile stress
σu and the strain at the ultimate tensile stress εu, the application of the model is limited to
describing the tensile stress-strain behaviour of stainless steel. In compression, such parameters
do not exist, due to the absence of the necking phenomena. Therefore, in order to extend the
application of the model to compressive stress-strain behaviour, Gardner and Nethercot (2004a)
proposed the use of the 1.0% proof stress and its corresponding total strain εt,1.0 instead of
the ultimate tensile stress (εu, σu). The resulting final model given by Ashraf et al. (2006) is
described by Equation (2.5), with Equation (2.3) still applicable to stresses below the 0.2%
proof stress.
ε =
σ − σ0.2
E0.2
+
(
εt,1.0 − εt,0.2 − σ1.0 − σ0.2
E0.2
)(
σ − σ0.2
σ1.0 − σ0.2
)n′0.2,1.0
+ εt,0.2 for σ0.2 < σ ≤ σu
(2.5)
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in which n′0.2,1.0 is the strain hardening exponent for stresses above the 0.2% proof stress.
2.3 Effects of cold-working on material response
Stainless steel material properties are changed due to cold-working, owing to the material’s
response to plastic deformations (Gardner, 2005). The plastic strains which occur during cold-
forming processes result in an increase in both the 0.2% proof strength σ0.2 and the ultimate
tensile stress σu of the material, with a corresponding decrease in ductility (Ashraf et al., 2005).
The nature and extent of the change in the material’s mechanical properties depends on various
factors such as its chemical composition, prior history to cold-work and the type and magni-
tude of plastic strains caused by the cold-working processes. A number of parameters which
need to be considered in predicting these strength enhancements have been specified by various
authors (Karren 1967; Van den Berg and Van der Merwe 1992; Ashraf et al. 2005; Cruise and
Gardner 2008b). In general, these include the unformed sheet material properties such as the
0.2% proof stress σ0.2 and the ultimate tensile stress σu, the material thickness and the extent
of the curvature induced. The effect of cold-working on the strength of metallic materials has
been investigated by various researchers and predictive models for determining the enhanced
strength have been proposed; an overview of the key developments is presented in this section.
Models for predicting strength enhancements in the highly cold-worked corner regions of struc-
tural carbon steel cross-sections are provided in the following references: Karren (1967), the
AISI Specification for the Design of Cold-formed Steel Structural Members (1996) and Gardner
et al. (2010a). A method for taking account of corner strength enhancements for cross-section
design using an increased average yield strength is also set out in EN 1993-1-3 (2006).
For stainless steel, where the degree of non-linearity and the level of strain hardening are gener-
ally greater than carbon steel, separate predictive equations have been proposed. Experimental
studies of cold-formed stainless steel sections were conducted by Coetzee et al. (1990) and pre-
dictive equations were given by Van den Berg and Van der Merwe (1992) for the corner regions
of press-braked and cold-rolled sections. As part of their wider experimental study of the be-
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haviour of austenitic stainless steels, Gardner and Nethercot (2004a) also developed an equation
for predicting the increased 0.2% proof strength of the corner regions of cold-rolled box sections.
Ashraf et al. (2005) performed a comprehensive investigation into the behaviour of cold-formed
stainless steel sections from a variety of fabrication processes and proposed a number of predic-
tive models in terms of different material and geometric input parameters, allowing the wider
applicability of the models. More recent predictive equations are provided in Cruise and Gard-
ner (2008b) and Rossi (2008), where the strength enhancement of the flat faces of cold-rolled
sections has also been studied. In an attempt to provide a unified predictive method for all
cold-worked non-linear metallic materials, Rossi’s (2008) model involves the determination of
the associated plastic strains caused during the fabrication process and the evaluation of the
corresponding stresses, through an appropriate material model. The existing models are de-
scribed in more detail and developed in Chapter 4 of this thesis.
2.4 Elevated temperature behaviour
Stainless steel shows different physical and thermal properties to those of carbon steel due to
the variation in chemical composition between the materials. Studies on stainless steel mate-
rial behaviour at elevated temperature have shown that it offers better retention of strength
and stiffness than carbon steel. Stainless steel also has greater thermal expansion than carbon
steel. The effect of the higher expansion rate has not been observed directly since no tests have
been performed on restrained stainless steel members or frames in fire. Gardner and Ng (2006)
carried out numerical analyses of restrained beams and columns at elevated temperature to
investigate the significance of the greater thermal expansion exhibited by stainless steel. It was
shown that, for low levels of axial restraint, stainless steel displays better fire performance than
carbon steel, owing to the superior retention of strength and stiffness, while for higher levels
of axial restraint the additional forces induced, owing to restrained thermal expansion, become
more detrimental for stainless steel members.
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Specific heat is defined as the amount of heat energy per unit mass required to increase the
temperature by one degree. The variation of specific heat with temperature for stainless steel
involves a steady increase with temperature whereas for carbon steel, an additional sharp dis-
continuity in the region of 723 ◦C also exists. This is due to the presence of a phase change
present at around this temperature. On average, the specific heat of carbon steel is approxi-
mately 600 J/kgK, as compared with approximately 550 J/kgK for stainless steel. The lower
specific heat of stainless steel is approximately balanced by the higher emissivity, meaning that
the rate of temperature development on carbon steel and stainless steel sections will be similar
(Gardner and Ng, 2006) .
The variation of thermal conductivity with temperature of stainless steel is distinctly different
to carbon steel. The lower thermal conductivity of stainless steel causes more localised tem-
perature development in exposed elements. However, the difference in thermal conductivity
between stainless steel and carbon steel is not believed to have a significant influence on the
general performance of a structure at elevated temperatures (Gardner, 2007).
Accurate material modelling at elevated temperature is essential in obtaining a detailed insight
into the response of stainless steel structures under fire conditions. Information on the mate-
rial properties of stainless steel at elevated temperatures are provided by different sources: EN
1993-1-2 (2005) and Euro-Inox/SCI Design Manual for Structural Stainless Steel (2006) provide
strength and stiffness reduction factors and descriptions of stress-strain response for a total of
eight stainless steel grades. Figure 2.2 shows the stress-strain material behaviour of stainless
steel at elevated temperatures based on the EN 1993-1-2 (2005) model with the relevant strength
and stiffness reduction factors provided for the EN 1.4003 ferritic grade.
A series of equations for predicting the yield stress, elastic modulus, ultimate tensile stress
and strain at the ultimate tensile stress of stainless steel, covering the EN 1.4462, 1.4301 and
1.4571 grades, at elevated temperature were proposed by Chen and Young (2006). In addition,
a stress-strain model for stainless steel at elevated temperature was also developed, whereby the
compound Ramberg-Osgood material model, derived by Mirambell and Real (2000) and Ram-
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Figure 2.2: Elevated temperature stress-strain behaviour EN 1993-1-2 (2005) model
berg and Osgood (1943), was recalibrated for elevated temperatures. Good agreement between
the observed stress-strain behaviour and the proposed material model formulation, employing
the experimental values for the key material parameters, was reported (Chen and Young, 2006).
Gardner et al. (2010b) proposed revised strength and stiffness reduction factors at elevated
temperatures for a range of stainless steel grades, based on examination of all the available test
data. Four additional grades, not covered by the existing stainless steel structural fire design
guidelines, were included. Reduction factors were also rationalised on the basis of grouping
grades that exhibit similar elevated temperature properties. In addition, a material model for
the continuous prediction of the stress-strain response by means of a modified Ramberg-Osgood
formulation, utilising the stress at 2% total strain, was proposed. It was found that the pro-
posed model is more accurate, when compared to test results, and simpler to apply than the
EN 1993-1-2 (2005) provisions.
Abdella (2009) developed approximate solutions to the closed form inversion of the two stage
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Ramberg-Osgood model for elevated temperatures proposed by Chen and Young (2006). The
derived approximate solution describes the stress at elevated temperature as an explicit function
of the total strain at that temperature. The validity of the proposed approximation was tested
by comparing its predicted stress against the corresponding stress values obtained using a fully
iterated numerical solution. It was demonstrated that the proposed approximation is in good
agreement with the actual stress-strain curves for a wide range of temperatures.
2.5 Stainless steel design guidance
The American Iron and Steel Institute (AISI) published the earliest stainless steel design spec-
ification in 1968 as the Specification for the Design of Light Gauge Cold-Formed Stainless Steel
Structural Members. Following further research into the structural behaviour of stainless steel
and increased test data availability, the specification was revised and published as the Specifi-
cation for the Design of Stainless Steel Cold-Formed Structural Members in 1974 by the AISI
and later in 1991 by the American Society of Civil Engineers (ASCE). The current edition of
the specification, ASCE/SEI-8 (2002), was published in 2002. A new American stainless steel
design specification AISC Design Guide 27: Structural Stainless Steel (2013) covering hot rolled
and welded stainless steel structural sections was published in 2013 by the American Institute
of Steel Construction (AISC).
The first European stainless steel design guidance, prepared by the Steel Construction In-
stitute (SCI), was published in 1994 as the Design Manual for Structural Stainless Steel by
Euro-Inox/SCI. In 1996, the European Standards organisation CEN issued the pre-standard
Eurocode for stainless steel, referred to as ENV 1993-1-4: Design of Steel Structures, Supple-
mentary Rules for Stainless Steels. This was later converted to a full EN European Standard,
EN 1993-1-4 (2006). The third Edition of the Euro-Inox/SCI design manual was also published
in 2006 (Euro-Inox/SCI, 2006). Design guidelines for stainless steel structures under fire con-
ditions are provided in EN 1993-1-2 (2005).
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EN 1993-1-4 (2006) gives supplementary provisions for the design of stainless steel buildings
and civil engineering works. The standard only supplements, modifies or supersedes the equiv-
alent carbon steel provisions and should be used alongside the relevant carbon steel parts, EN
1993-1-1 (2005), EN 1993-1-2 (2005), EN 1993-1-3 (2006). The provisions given in this part of
the Eurocode are applicable to the design of austenitic, duplex and ferritic stainless steels and
currently cover a total of 21 grades. The guidelines provided are not confined to cold-formed
sections and also cover hot-rolled and welded structural members. Additional supportive infor-
mation is provided in the National Annexes of the various European countries. EN 1993-1-4
is continuously being updated as a result of a series of ongoing research projects in academic
institutions and through European research projects, leading to extension of the range of grades
covered and refining of the design rules (Baddoo, 2013).
The Australian/New Zealand stainless steel design standard was published as AS/NZS 4673:
2001 Cold-formed Stainless Steel Structures in 2001 (AS/NZS 4673, 2001). The guidelines
provided are mainly based on the ASCE/SEI-8 (2002) specification. Background to the devel-
opment of the Australia/New Zealand design standard is reported by Rasmussen (2000). In
addition, work in preparing the first Chinese stainless steel design standard in China began in
2005 and is currently ongoing.
2.6 Local buckling in stainless steel sections
In cross-sections consisting of slender plate elements, e.g. some built up sections and light
gauge cold-formed sections, the slender plate elements may buckle locally prior to yielding
when subjected to compressive stresses, resulting in premature member failure. Hence, local
plate buckling is a key aspect in determining the strength of thin-walled stainless steel structures
in compression. For more stocky cross-sections, failure occurs due to inelastic local buckling.
A review of the existing design approaches for local buckling, starting with design guidance
based on discrete cross-section classification methods, which are widely employed in current
structural design codes, is provided in this section. A review of other proposed design methods,
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including the continuous strength method (CSM) and the direct strength method (DSM), follow.
2.6.1 Design approaches based on cross-section classification
Current stainless steel design codes are based on a simple bi-linear elastic-perfectly plastic
stress-strain material behaviour. A cross-section classification framework is employed to pro-
vide a relationship between the resistance of the structural cross-section and the slenderness of
the constituent plate elements, which provides a measure to assess the susceptibility of cross-
sections to local buckling (Gardner, 2008).
According to the principles of cross-section classification adopted in EN 1993-1-1 (2005) for car-
bon steel and EN 1993-1-4 (2006) for stainless steel, Class 1 and 2 cross-sections are assumed to
have bending moment capacity and compression resistance equal to the plastic moment capacity
and the cross-section yield load, respectively, with Class 2 cross-sections considered to have com-
paratively lower deformation capacity. Class 3 cross-sections are specified to reach the elastic
moment capacity throughout the entire slenderness range, while having a compression resistance
equal to the cross-section yield load. The transition from plastic to elastic moment capacities
results in a significant discontinuity at the border between Class 2 and Class 3 cross-sections.
The design of Class 4 sections, which fail to reach the cross-section yield load in compression
and have moment resistance lower than the elastic moment capacity, is based on the effective
width concept, developed by Johanson and Winter in the 1960s (Johnson and Winter, 1966).
Attempts to remove the step in resistance from plastic to elastic moment capacity at the Class
2 to 3 boundary have been made by Boissonnade and Jaspart (2006).
The current cross-section classification approach is rather simplified as it does not allow for
material strain hardening and also neglects the edge restraints provided at the interconnected
boundaries between the plates that make up the structural sections, by treating the plate el-
ements in isolation. In addition, for the case of Class 4 sections, although the effective width
method is well established in international design standards as a mean of allowing for elastic
local buckling and post-buckling effects, complexities occur in applying the method in struc-
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tural design calculations, especially for the case of cross-sections with complicated geometries.
The cross-section properties need to be determined for the effective cross-section as the effective
widths of individual elements are established. This may also become an iterative procedure,
due to the resulting shift in the cross-sections neutral axis and the corresponding change of the
applied stress distribution. More advanced design methods, allowing for element interaction
and material strain hardening have been developed in recent years, two examples of which - the
continuous strength method (CSM) and the direct strength method (DSM) are introduced in
the following sections.
2.6.2 The continuous strength method
The continuous strength method (CSM) was first proposed by Gardner (2002) as an alternative
new approach for the treatment of local buckling in the design of stainless steel structural mem-
bers, which does not use the effective width concept and is not based on the idealised elastic
perfectly plastic material response. The method is a deformation based design approach which
allows for the benefits of strain hardening in its formulation, leading to more accurate predic-
tions of load carrying capacities. In addition to recognising the non-linear stress-strain response
of stainless steel, with explicit allowance for strain hardening, CSM establishes a continuous
normalised numerical measure of the cross-section deformation capacity in terms of the cross-
section slenderness, replacing the concept of placing cross-sections into discrete behavioural
classes.
The method has been developed and refined over the past decade, expanding its scope to more
structural loading conditions, wider structural section types as well as to other metallic mate-
rials, such as aluminium and structural carbon steel. A brief description of the method and its
evolution in recent years is covered in this section while more details are presented in Chapter
7, where the method is further analysed and expanded.
Within the CSM, the result of stub column tests has traditionally been used for establishing the
relationship between cross-section deformation capacity and cross-section slenderness. Cross-
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section slenderness, originally defined by the β parameter, given by Equations (2.6) (Gardner,
2002; Gardner and Nethercot, 2004a; Gardner and Ashraf, 2006, Ashraf et al., 2008) was based
on the most slender element in the section. Empirical equations for the cross-section normalised
deformation capacity εlb/εy as a function of its slenderness β were derived, the latest version of
which, reported in Ashraf et al. (2008), is given by Equation (2.7).
β =
b
t
√
σ0.2/E
√
4/kσ (2.6)
where b an t are the element centreline width and thickness, respectively, σ0.2 and E are the
material 0.2% proof stress and Young’s modulus, respectively and kσ is the plate buckling
coefficient, taken as 4.0 for internal plate elements in compression, 0.425 for outstand plate
elements in compression and 23.9 for internal elements in bending.
εlb
εy
=
6.44
β2.85−0.27β
(2.7)
where εlb is the limiting local buckling strain and εy is the elastic strain corresponding to the
0.2% proof stress (i.e. the yield strain).
The cross-section slenderness definition was modified to the standard plate slenderness definition
λ¯p, given by Equation (2.8) in later versions of the method (Gardner, 2008; Gardner and
Theofanous, 2008). Hence, the deformation capacity equation was also updated in terms of the
new adopted cross-section slenderness definition λ¯p, as given in Equation (2.9).
λ¯p =
√
σ0.2
σcr
=
b
t
(σ0.2
E
)0.5(12(1− ν2)
pi2kσ
)0.5
(2.8)
where σcr is the elastic critical buckling stress of the plate element, ν is the Poisson’s ratio and
other parameters are as previously defined.
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εlb
εy
=
1.43
λ¯
2.71−0.69λ¯p
p
(2.9)
The compound Ramberg-Osgood material model, as modified by Ashraf et al. (2006), was
utilised to determine the cross-section compression and in-plane bending resistances, using the
predicted maximum strain εlb attainable by the cross-section prior to occurrence of local buck-
ling. Since in the Ramberg-Osgood model stress cannot be expressed explicitly in terms of
strain, to calculate the cross-section compression resistance, local buckling stress values as a
function of strain values were provided in tabulated format for commonly used stainless steel
grades. For cross-section resistance in bending, adopting the compound Ramberg-Osgood ma-
terial model resulted in a non-linear bending stress distribution through the section depth,
which requires numerical integration of the material model over the depth of the beam, hence
complicating the cross-section bending resistance determination. To avoid this, the concept of
a generalised shape factor was adopted by Gardner (2002), details of which are provided in
Gardner (2002) and Ashraf et al. (2008). Overall, the continuous strength method clearly pro-
vided better predictions of cross-section capacity, but was not straightforward in its application.
Developments to overcome the latter limitations are presented in Chapter 7.
2.6.3 The direct strength method
The direct strength method (DSM) was developed to address the design of structural cold-
formed members with complex cross-section geometries which are difficult to design using the
traditional effective width method or are beyond the scope of the current codified effective width-
based design provisions. The method fully developed by Schafer and Peko¨z (1998a), building
on the earlier work of Hancock et al. (1994) covering local, distortional and global buckling of
carbon steel structural members, a review of which is provided in Schafer (2008). The North
American (AISI, 2004) and Australian (AS/NZS 4600, 2005) specifications for cold-formed steel
design have adopted the method as an alternative design approach to the conventional effective
width method. The application of the direct strength method has also been extended to other
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metallic materials, including stainless steel and aluminium alloys. Extensive research has been
carried out at the University of Sydney to develop the DSM for stainless steel structures (Lecce
and Rasmussen, 2006; Becque et al., 2008).
The direct strength method is essentially based on determining the elastic buckling stresses
of the structural component, considering all relevant elastic instability modes, e.g. local, dis-
tortional and global buckling modes, which combined with the material yield stress, produce a
slenderness parameter. This slenderness parameter is used in conjunction with suitable strength
curves, for the failure mode of interest, to determine the load carrying capacity of the member.
The design strength curves were obtained from analysis of numerous test and finite element
results, covering various section geometries and steel grades. Accurate identification of the in-
stability modes of a structural member and determination of the corresponding elastic buckling
stresses is the first step in implementing the direct strength method. An open source pro-
gramme, referred to as CUFSM, has been developed for this purpose (Li and Schafer, 2010).
The method is primarily aimed at the design of structural members with slender cross-sections,
where the failure is predominantly governed by elastic buckling and post-buckling, without
advancing into the strain hardening region. Modifications to the direct strength method for
stainless steel structures have been recently carried out to improve its predictions in the low
slenderness range, where benefits from strain hardening may be drawn. Rossi and Rasmussen
(2013) proposed to use a linear strength expression for the low slenderness range, with a maxi-
mum strength limit equal to the material ultimate tensile strength.
2.7 Concluding remarks
An overview of the key literature on the behaviour and design of stainless steel structures
relevant to this thesis has been presented in this chapter. Material behaviour and modelling at
room and elevated temperatures was described, and is elaborated upon further in Chapters 3,
4 and 6. A description of the currently available stainless steel design standards, which have
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been developed largely on the basis of assumed analogies with carbon steel design codes, was
given. The high cost of stainless steel compared to structural carbon steel was also noted and
the importance of developing design methods that fully exploit its stress-strain characteristics,
especially its high degree of strain hardening, was highlighted, and is the focus of much of this
thesis.
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3 Testing of Material from Cold-Formed
Sections
3.1 Introduction
Cold-formed structural sections are formed from sheet material which may be either hot-rolled
or cold-rolled, the latter being used for thinner gauges. The sheet material is typically rolled
into coils for compact storage and transportation and is subsequently uncoiled prior to section
forming. The processes of coiling and uncoiling of the sheet material and forming of the cross-
section induce plastic deformations through the material thickness. Depending on the method
of section forming employed - press-braking, where the sheet material is formed into the required
shape by creating individual bends along its length, or cold-rolling, where gradual deformation
of the uncoiled metal sheet through a series of successive rollers produces the final cross-section
profile, different levels of plastic deformation are generated. The plastic deformations induced
during the production processes influence the material response of the final cold-formed sec-
tions, with the key effects being an increase in yield strength, a reduction in ductility and the
formation of residual stresses.
This chapter describes a material test programme carried out as part of an extensive study into
the prediction of strength enhancements in cold-formed structural sections. The experiments
cover a wide range of cross-section geometries - 12 Square Hollow Sections (SHS), 5 Rectangular
Hollow Sections (RHS) and 1 Circular Hollow Section (CHS), and materials austenitic (EN
1.4301, 1.4571 and 1.4404), ferritic (EN 1.4509 and 1.4003), duplex (EN 1.4462) and lean duplex
(EN 1.4162) stainless steel and grade S355J2H carbon steel. All tubular sections were formed
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by the cold-rolling process, whereby the sheet material was first formed into a circle and welded
closed, followed by subsequent crushing into the final cross-section geometry for the case of the
SHS and RHS specimens.
The experimental techniques implemented, the resulting data and the analysis methods em-
ployed throughout this experimental programme are presented. The results from the current
test programme were combined with existing measured stress-strain data on cold-formed sec-
tions from the literature and following a consistent analysis of the combined data set, revised
values for Young’s modulus E and the Ramberg-Osgood material model parameters n, n′0.2,u
and n′0.2,1.0 are recommended. A comparison between the recommended values and the codified
values provided in AS/NZS 4673 (2001), SEI/ASCE-8 (2002) and EN 1993-1-4 (2006) is also
presented. The generated test data are also used in Chapter 4 for the appraisal of existing
predictive models and development of a simple, accurate and universal predictive model for
harnessing the strength enhancements in cold-formed structural sections that arise during the
manufacturing processes.
3.2 Experimental investigation
3.2.1 Cross-section geometries and grades
The programme consisted of tensile tests on coupons extracted from a series of cold-rolled tubu-
lar sections, together with full section tensile tests. The majority of test programmes from the
literature have focused on austenitic stainless steels, since, to date, this class of stainless steel
has been the most commonly used in structural applications. In order to develop a comprehen-
sive experimental database, both in terms of the material grades and section geometries, the
tested specimens for this research programme were selected to fill in the gaps in the existing
literature test data.
The chemical compositions and the tensile properties of the coil material from which the spec-
imens were formed, as provided by the mill certificates, are presented in Tables 3.1 and 3.2,
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respectively. The notation employed in Table 3.2 is as follows: σ0.2 is the 0.2% proof stress, σ1.0
is the 1.0% proof stress, σu is the ultimate tensile stress and A5 is the elongation at fracture
over a standard gauge length of 5.65
√
Ac, where Ac is cross-sectional area of the coupon.
3.2.2 Test specimens and measurements
Two types of tensile coupons, flat coupons taken from the faces of the sections and corner
coupons taken from the curved portions of the sections, in the longitudinal direction, were pre-
pared. For all SHS and RHS specimens, two flat coupons taken from the centreline of the faces
adjacent to the weld (labelled A1 and A2) and one flat coupon taken from the welded face
(labelled S) were tested, resulting in a total of 51 flat coupons.
In order to measure the extra strength enhancement associated with the formation of the highly
cold-worked corner regions, two corner coupons were also extracted from the curved portions,
opposite the welded face, of each of the cold-formed box sections, with the exception of the SHS
50× 50× 2, SHS 40× 40× 2 and SHS 30× 30× 2 specimens where full section tensile tests were
conducted. A total of 28 corner coupons (labelled C1 and C2) and 6 full sections - two specimens
per section size - were prepared. Two coupons were also cut from the CHS 219.1×8.2 specimen.
The locations of the flat and corner coupons in the tested cross-sections are shown in Figure 3.1.
The coupons were dimensioned and tested in accordance with EN ISO 6892-1 (2009). All ten-
sile flat coupons were necked - see Figure 3.2a. Based on the available machining facilities, a
combination of straight coupons (Figure 3.2b) and necked coupons, as illustrated in Figure 3.2c
and 3.2d, were used for the corners. The straight corner coupons included the corner region
plus an extension of 2t, where t is the material thickness, beyond the corner radius into the
flat faces of the section on either side, since 2t had been previously identified as the approxi-
mate distance to which the influence of corner cold-work extended (Cruise and Gardner, 2008b).
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Table 3.2: Mechanical properties as stated in the mill certificates
Cross-section Material grade σ0.2,mill σ1.0,mill σu,mill A5
(N/mm2) (N/mm2) (N/mm2) (%)
SHS 100× 100× 5 1.4301 310 -(1) 670 51
SHS 150× 150× 5 1.4301/1.4307 289 342 621 53
RHS 150× 100× 6 1.4301/1.4307 284 328 603 56
SHS 100× 100× 5 1.4571 272 312 562 60
SHS 120× 120× 5 1.4571 268 315 584 53
SHS 150× 150× 8 1.4404 302 358 605 51
RHS 150× 100× 8 1.4404 285 336 590 53
SHS 50× 50× 2 1.4509 364 -(1) 501 30
SHS 40× 40× 2 1.4509 362 -(1) 476 33
SHS 30× 30× 2 1.4509 362 -(1) 476 33
RHS 120× 80× 3 1.4003 329 350 468 37
SHS 80× 80× 3 1.4003 324 342 467 45
SHS 150× 150× 8 1.4162 561 605 747 -(1)
CHS 219.1× 8.2 1.4462 650 -(1) 819 33
SHS 150× 150× 6 S355J2H 420 -(1) 529 31
RHS 200× 100× 5 S355J2H 478 -(1) 546 27
RHS 150× 100× 6 S355J2H 384 -(1) 511 24
SHS 200× 200× 6 S355J2H 475 -(1) 549 -(1)
(1) values were not provided
ri
t
h
b
Weld
S
A2A1
C1 C2
Rinternal Rexternal
C1
C2
t
Figure 3.1: Definition of symbols and locations of coupons in the cross-section
48
Testing of Material from Cold-Formed Sections
(a) Necked flat coupons
(b) Straight corner coupons
(c) Necked corner coupons (1)
(d) Necked corner coupons (2)
Figure 3.2: Tensile coupon specimens
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Accurate measurements of the cross-section dimensions were taken. A digital Vernier calliper
was used to measure the cross-section height h, width b and thickness t, for each of the faces
from which the coupons had been cut. Three measurements of the section width, height and
face thickness were taken and averaged; the measurements are provided in Table 3.3. Measure-
ments of internal corner radius ri were made using an optical microscope and are also reported
in Table 3.3. The measured geometric dimensions of the CHS specimen are also provided in
Table 3.4, where Rexternal and Rinternal are the external and internal radii, respectively, and t is
the section thickness, as illustrated in Figure 3.1.
Table 3.3: Average measured dimensions of the SHS and RHS specimens
Cross-section Material grade h b t (mm) ri (mm)
(mm) (mm) A1 A2 S C1 C2
SHS 100× 100× 5 1.4301 99.99 99.85 4.65 4.67 4.62 2.38 1.78
SHS 150× 150× 5 1.4301/1.4307 149.82 149.88 4.99 5.02 4.99 5.94 7.42
RHS 150× 100× 6 1.4301/1.4307 150.57 100.03 5.89 5.86 5.87 7.42 6.68
SHS 100× 100× 5 1.4571 100.09 99.73 4.69 4.68 4.71 5.05 5.94
SHS 120× 120× 5 1.4571 120.30 120.14 4.63 4.67 4.62 5.64 5.94
SHS 150× 150× 8 1.4404 150.01 150.51 7.77 7.76 7.76 9.65 11.13
RHS 150× 100× 8 1.4404 150.01 100.20 7.78 7.73 7.73 8.91 10.39
SHS 50× 50× 2 1.4509 50.14 50.26 1.89 1.91 1.89 2.50 2.50
SHS 40× 40× 2 1.4509 40.07 40.02 2.02 2.03 2.00 1.75 1.75
SHS 30× 30× 2 1.4509 29.98 29.97 1.90 1.95 1.95 1.50 1.50
RHS 120× 80× 3 1.4003 119.84 79.67 2.81 2.83 2.81 3.86 4.16
SHS 80× 80× 3 1.4003 79.75 79.74 2.81 2.80 2.79 3.56 4.16
SHS 150× 150× 8 1.4162 150.42 150.02 8.01 8.05 8.05 11.17 11.16
SHS 150× 150× 6 S355J2H 150.31 150.74 5.73 5.73 5.71 8.91 8.16
RHS 200× 100× 5 S355J2H 200.01 100.19 4.62 4.60 4.65 3.56 3.56
RHS 150× 100× 6 S355J2H 149.96 100.15 5.74 5.71 5.69 4.16 4.45
SHS 200× 200× 6 S355J2H 202.25 200.48 5.85 5.87 5.85 7.42 6.68
Table 3.4: Average measured dimensions of the CHS specimen
Cross-section Material grade Rexternal Rinternal t
(mm) (mm) (mm)
CHS 219.18.2 1.4462 109 100 8.74
In order to determine the cross-sectional area of the flat coupons, Vernier callipers were em-
ployed to obtain measurements of the width and the thickness of the coupon necked region.
Three width measurements and three thickness measurements were taken along the coupon
necked length and the cross-sectional area was determined as the product of the average width
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and thickness values.
Owing to the adopted shapes of the corner coupons, the coupon cross-sectional area was less
straightforward to calculate. The method used for calculating the cross- sectional area of the
corner coupons is outlined as follows: (1) the specimen’s mass Mc over a specified length Lc,
marked on the coupon prior to testing, was measured after the test (2) the density ρ of the cold-
formed sections was obtained from the appropriate material specification, EN 10088-1 (2005)
for stainless steel sections and EN 10219-1 (2006) for carbon steel sections (3) the cross-sectional
area of the corner coupon specimen was calculated as Area = Mc/Lc × ρ. A similar procedure
was followed to determine the cross-sectional area of the full section specimens.
In order to measure the plastic strain at fracture, lines at 40 mm spacing were finely marked
along the necked length of the necked coupons and along the full length of the straight coupons
between the tensile test machine jaws with a scribe, as recommended by EN ISO 6892-1 (2006).
Following the completion of the tensile coupon tests, the two halves of each of the coupons were
fitted back together and the elongation after fracture was measured between scribe marks. If
failure occurred in the grips of the tensile testing machine, strain at fracture was not measured.
The measured values were used to calculate the percentage plastic strain at fracture using
εpl,f(%) = [(Lu − L0)/L0]× 100, where L0 is the original marked length and Lu is the extended
length after fracture.
3.2.3 Test set-up and instrumentation
All tensile coupon tests were performed using a Zwick/Roell Z100 kN electromechanical testing
machine, in accordance with EN ISO 6892-1 (2006), as illustrated in Figure 3.3. A clip-on
extensometer mounted directly onto the specimen was used to measure the longitudinal strain
over a specified gauge length - see Figure 3.4a. Two linear electrical resistance strain gauges
attached to the edges of the A1 tensile coupons were also used to provide an additional measure
of the strain - see Figure 3.4b. The strain gauge readings were used to verify the accuracy of
the extensometer measurements for the initial part of the stress-strain curves.
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Figure 3.3: Tensile coupon test set-up
A selection of end-clamp configurations were used to allow appropriate gripping of the coupons
in the tensile test machine jaws. A pair of flat surface clamps were used to grip the flat coupons
at each end, while a combination of one flat and one v-shaped clamp were employed to hold
the necked corner coupons. For some of the corner coupons, which were curved on both sides,
a pair of v-shaped clamps were utilised and a steel rod was employed on the inner curved side
of the coupon to fit into the v-shaped clamps - see Figure 3.5. Load, strain and other relevant
variables were all recorded at one second intervals using the ScanWin data acquisition system.
The SHS 50 × 50 × 2 full section tensile tests were performed using a Zwick/Roell Z600 kN
electromechanical testing machine while the SHS 40× 40× 2 and SHS 30× 30× 2 sections were
tested in a Schenck RME 600 kN electromechanical testing machine, in accordance with EN
ISO 6892-1 (2006). The specimen ends were reinforced by fitting steel rods inside the specimens
and were held in the machine jaws using flat end-clamps as illustrated in Figure 3.6a and
3.6b. The instrumentation consisted of one linear variable displacement transducer (LVDT) to
measure the elongation and a load cell to accurately record the applied load. All data, including
load, displacement and other relevant variables were recorded at one second intervals using the
ScanWin data acquisition system.
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(a) Clip-on extensometer
(b) Electrical resistance strain gauges
Figure 3.4: Tensile coupon test strain measurement techniques
Figure 3.5: End-clamp configuration of the curved corner coupons
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Strain control was used to drive the testing machine for the tensile coupon tests. According to
the EN ISO 6892-1 (2006) requirements, the strain rate should not exceed 0.25% strain/s for the
determination of the 0.2% proof strength, after which it may be increased to a maximum limit of
0.8% strain/s. The adopted strain rates for the tensile coupon tests were 0.003% strain/s up to
2.0% strain and 0.1% strain/s until fracture. Displacement control was used to drive the testing
machine for the full section tensile tests. According to the EN ISO 6892-1 (2006) specification
for tensile testing, the rate of separation of the cross-head of the tensile test machine should be
such that the specimen remains within the specified stress limits of 6-60 N/mm2/s for material
with Young’s moduli above 150000 N/mm2. The corresponding displacement rate range, with
E=200000 N/mm2 and a gauge length of 200 mm, is 0.006-0.06 mm/s. A uniform cross-head
displacement rate of 0.01 mm/s was used for all full section tensile tests.
(a) Test set-up (b) End-clamp configuration
(c) Typical failure mode
Figure 3.6: Full section tensile tests
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3.3 Experimental results
3.3.1 Tensile coupon tests
A number of key material parameters were extracted from the recorded stress-strain curves
for each tensile coupon. Firstly the best-fit Young’s modulus was obtained based on the ex-
tensometer measurements. The 0.2% proof stress σ0.2, 1.0% proof stress σ1.0, ultimate tensile
stress σu, strain corresponding to the ultimate tensile stress εu, and plastic strain at fracture
εpl,f as described in Section 3.2.2, were determined. The test results for the flat coupons and
the corner coupons are summarised in Tables 3.5 and 3.6, respectively. The strength of the
weld region is often higher than that of the two adjacent faces of the cross-section; this may
be due to the use of over-strength weld material. Typical measured stress-strain curves from
austenitic, ferritic and duplex stainless steel are shown in Figure 3.7.
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Figure 3.7: Typical stress-strain curves for austenitic, ferritic and duplex stainless steels
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Table 3.5: Summary of key material properties for the tensile flat coupons
Coupon reference E σ0.2 σ1.0 σu εu εpl,f R-O parameters
(N/mm2) (N/mm2) (N/mm2) (N/mm2) (%) (%) n n′0.2,u n
′
0.2,1.0
SHS 100× 100× 5 - A1 195200 431 486 676 47.3 58.5 4.8 3.0 2.8
SHS 100× 100× 5 - A2 191600 437 497 689 48.1 63.9 4.5 3.1 2.9
SHS 100× 100× 5 - S 184300 543 611 728 37.3 50.1 4.6 3.7 4.0
SHS 150× 150× 5 - A1 195700 298 346 640 52.7 65.6 6.2 2.8 2.2
SHS 150× 150× 5 - A2 190800 310 358 651 53.7 68.4 6.4 2.9 2.2
SHS 150× 150× 5 - S 194100 528 612 728 26.7 28.9 4.9 3.2 4.4
RHS 150× 100× 6 - A1 194100 285 333 627 49.3 61.2 6.8 2.8 2.2
RHS 150× 100× 6 - A2 192400 396 437 657 47.4 60.7 6.3 2.6 2.2
RHS 150× 100× 6 - S 197700 585 656 748 29.4 39.9 5.9 3.7 4.7
SHS 100× 100× 5 - A1 185300 427 475 623 36.2 51.8 5.1 3.3 2.6
SHS 100× 100× 5 - A2 188500 444 487 634 42.6 55.9 6.4 3.5 2.7
SHS 100× 100× 5 - S 185000 458 553 651 26.9 40.8 -(1) -(1) -(1)
SHS 120× 120× 5 - A1 193600 276 334 593 46.9 62.1 4.4 3.1 2.4
SHS 120× 120× 5 - A2 191500 409 447 616 41.6 60.5 8.9 3.1 2.3
SHS 120× 120× 5 - S 194200 403 448 604 36.5 53.3 5.8 3.2 2.5
SHS 150× 150× 8 - A1 195900 311 359 595 42.6 62.1 5.7 3.0 2.2
SHS 150× 150× 8 - A2 192200 392 448 636 40.4 61.7 5.5 3.4 2.6
SHS 150× 150× 8 - S 193500 461 568 658 17.4 32.7 3.4 5.3 5.2
RHS 150× 100× 8 - A1 196000 291 339 592 47.2 69.3 6.2 3.1 2.2
RHS 150× 100× 8 - A2 201000 305 349 600 53.9 70.6 6.2 3.1 2.2
RHS 150× 100× 8 - S 182000 553 623 679 19.9 43.0 4.2 5.2 5.5
SHS 50× 50× 2 - A1 189200 459 512 515 5.8 22.1 -(1) -(1) -(1)
SHS 50× 50× 2 - A2 191000 473 504 515 8.8 26.4 6.6 7.6 7.6
SHS 50× 50× 2 - S 190400 537 564 565 0.9 14.6 6.9 2.1 2.1
SHS 40× 40× 2 - A1 192900 502 -(2) -(2) -(2) 16.9 - - -
SHS 40× 40× 2 - A2 198400 496 -(3) 526 1.2 17.4 6.6 4.2 -
SHS 40× 40× 2 - S 187100 523 -(3) 558 1.2 8.2 4.8 4.5 -
SHS 30× 30× 2 - A1 190500 506 -(3) 535 0.9 12.6 8.0 2.3 -
SHS 30× 30× 2 - A2 190100 507 -(3) 537 0.9 14.1 5.2 2.3 -
SHS 30× 30× 2 - S 186400 512 -(3) 569 0.9 13.1 -(1) -(1) -(1)
RHS 120× 80× 3 - A1 193700 381 399 450 14.8 32.8 7.9 2.7 2.1
RHS 120× 80× 3 - A2 201000 471 490 490 1.2 22.9 7.6 3.8 3.8
RHS 120× 80× 3 - S 198300 570 621 622 1.5 14.7 6.3 5.5 5.2
SHS 80× 80× 3 - A1 191400 411 423 455 14.6 35.0 13.9 2.9 2.0
SHS 80× 80× 3 - A2 189200 466 -(3) 483 1.2 29.9 8.3 1.4 -
SHS 80× 80× 3 - S 185000 578 -(3) 603 0.8 11.6 9.8 1.2 -
SHS 150× 150× 8 - A1 205400 512 567 711 25.5 49.0 5.7 3.5 2.6
SHS 150× 150× 8 - A2 192000 525 589 745 29.8 54.8 4.9 3.8 2.9
SHS 150× 150× 8 - S 191000 560 647 704 16.6 43.7 4.7 6.5 6.0
SHS 150× 150× 6 - A1 195000 393 395(4) 514 14.7 27.9 7.9 - -
SHS 150× 150× 6 - A2 191000 408 425(4) 529 15.8 31.9 6.9 - -
SHS 150× 150× 6 - S 210800 532 572 631 5.8 17.1 15.6 2.4 2.3
RHS 200× 100× 5 - A1 195000 421 456 494 9.6 23.0 5.8 3.8 3.2
RHS 200× 100× 5 - A2 191300 436 465 503 11.7 30.7 8.1 2.4 2.9
RHS 200× 100× 5 - S 210800 624 655 664 3.1 13.7 9.9 2 1.6
RHS 150× 100× 6 - A1 196000 363 390 434 16.4 33.9 5.4 3.7 3.0
RHS 150× 100× 6 - A2 206900 375 398 449 16.5 32.4 8.4 2.8 2.5
RHS 150× 100× 6 - S 197000 561 578 580 1.6 9.9 10.1 3.3 2.9
SHS 200× 200× 6 - A1 208042 419 458 522 14.6 35.0 7.5 3.6 2.9
SHS 200× 200× 6 - A2 202380 419 459 526 14.6 36.2 6.4 3.6 2.9
SHS 200× 200× 6 - S 192600 517 546 580 6.3 17.5 14.8 3.1 2.7
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(1) Erratic data prevented obtainment of values.
(2) Test was interrupted - values could not be obtained.
(3) Ultimate tensile stress preceded the 1.0% proof stress.
(4) 1% proof stress was in the plateau of the stress-strain curve.
Table 3.6: Summary of key material properties for the tensile corner coupons
Coupon reference E σ0.2 σ1.0 σu εu εpl,f R-O parameters
(N/mm2) (N/mm2) (N/mm2) (N/mm2) (%) (%) n n′0.2,u n
′
0.2,1.0
SHS 100× 100× 5 - C1 194500 620 784 817 23.3 32.1 4.1 14.0 20.3
SHS 100× 100× 5 - C2 189900 578 761 802 25.2 34.0 3.1 12.2 18.8
SHS 150× 150× 5 - C1 182000 561 671 819 34.5 47.6 3.8 3.5 4.8
SHS 150× 150× 5 - C2 180000 613 722 826 30.9 49.0 3.0 3.9 5.9
RHS 150× 100× 6 - C1 187500 587 645 808 38.4 51.1 8.2 2.9 3.0
RHS 150× 100× 6 - C2 192000 626 675 807 26.8 36.0 9.2 2.3 2.9
SHS 100× 100× 5 - C1 177700 522 673 734 19.9 39.0 -(1) -(1) -(1)
SHS 100× 100× 5 - C2 172000 535 690 741 19 37.5 -(1) -(1) -(1)
SHS 120× 120× 5 - C1 193600 493 603 688 29.9 46.8 -(1) -(1) -(1)
SHS 120× 120× 5 - C2 192200 559 599 686 25.5 47.9 10.8 3.5 3.0
SHS 150× 150× 8 - C1 193000 615 686 754 22.4 44.6 5.3 5.0 5.0
SHS 150× 150× 8 - C2 196200 592 653 746 25.4 44.9 5.9 4.0 3.7
RHS 150× 100× 8 - C1 206900 560 615 734 29.9 52.1 5.4 3.5 3.1
RHS 150× 100× 8 - C2 194500 558 629 716 26.5 49.4 4.2 4.6 4.6
RHS 120× 80× 3 - C1 192800 520 -(2) -(3) - - 6.1 - -
RHS 120× 80× 3 - C2 209400 515 -(2) -(3) - - 4.9 - -
SHS 80× 80× 3 - C1 211300 536 -(2) -(3) - - 16.7 - -
SHS 80× 80× 3 - C2 207700 524 -(2) -(3) - - 4.7 - -
SHS 150× 150× 8 - C1 209500 913 975 982 2.3 11.4 11.2 3.5 4.8
SHS 150× 150× 8 - C2 204000 748 837 858 4.2 30.2 6.5 5.2 7.4
CHS 219.1× 8.2 - C1 191200 544 594 744 20.5 44.1 6.6 3.0 2.3
CHS 219.1× 8.2 - C2 189400 551 617 768 20.7 40.3 6.4 3.5 2.7
SHS 150× 150× 6 - C1 197300 602 644 649 2.6 15.4 9.9 4.7 9.6
SHS 150× 150× 6 - C2 196300 608 -(4) 639 1.2 10.8 10.1 3.2 -
RHS 200× 100× 5 - C1 180500 531 -(2) -(3) - - 4.2 - -
RHS 200× 100× 5 - C2 200300 540 -(2) -(3) - - 5.3 - -
RHS 150× 100× 6 - C1 201500 545 -(4) 565 0.9 13.4 10.8 1.6 -
RHS 150× 100× 6 - C2 210000 528 -(4) 542 0.7 12.7 8.8 1.1 -
SHS 200× 200× 6 - C1 220000 584 -(4) 615 0.9 12.1 8.9 1.5 -
SHS 200× 200× 6 - C2 197300 599 631 633 1.4 13.1 11.3 3.4 4.1
(1) Erratic data prevented obtainment of values.
(2) Coupon failed before 1.0% strain was reached.
(3) Coupon failed in the tensile machine jaws .
(4) Ultimate tensile stress preceded the 1.0% proof stress.
3.3.2 Full section tensile tests
The results of the full section tensile tests for the SHS 50 × 50 × 2, SHS 40 × 40 × 2 and SHS
30 × 30 × 2 specimens are shown in Figures 3.8, 3.9 and 3.10, respectively. All test specimens
failed by ductile fracture; Figure 3.6c shows typical failure modes. Key material properties
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including the best-fit Young’s modulus, 0.2% proof stress σ0.2, ultimate tensile stress σu and
the corresponding strain εu were determined for each section and are reported in Table 3.7. The
average 0.2% proof stress from the section tensile tests combined with the corresponding flat
face material properties, from the tensile coupon test results, was used to infer the 0.2% proof
stress of the sections’ corner regions based on the proportion of the curved corner region cross-
sectional area to the full-section cross-sectional area; these values are also presented in Table 3.7.
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Figure 3.8: Tensile stress-strain curves for 50× 50× 2 sections
Table 3.7: Full section tensile test results
Cross-section E σ0.2 σu εu σ0.2,corner
(N/mm2) (N/mm2) (N/mm2) (%) (N/mm2)
SHS 50× 50× 2 - 1 195000 492 558 1.21
624
SHS 50× 50× 2 - 2 202800 508 558 1.13
SHS 40× 40× 2 - 1 193000 504 575 1.21
548
SHS 40× 40× 2 - 2 201285 516 577 1.13
SHS 30× 30× 2 - 1 199780 518 572 1.14
564
SHS 30× 30× 2 - 2 198028 514 574 1.04
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Figure 3.9: Tensile stress-strain curves for 40× 40× 2 sections
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Figure 3.10: Tensile stress-strain curves for 30× 30× 2 sections
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3.4 Analysis of results and discussion
3.4.1 Introduction
This section presents a review of the commonly adopted compound Ramberg-Osgood model,
used for modelling the stress-strain response of non-linear materials, along with a robust curve
fitting method for determining the model parameters. The results from the current test pro-
gramme have been combined with existing measured stress-strain data on cold-formed stainless
steel sections from the literature and revised values for the model parameters n, n′0.2,u and
n′0.2,1.0 and Young’s modulus E for commonly used stainless steel grades are recommended.
The expression for determining the strain at the ultimate tensile stress given in Annex C of
EN 1993-1-4 (2006) has also been investigated. A comparison between the recommended values
from the present study and the codified values provided in AS/NZS (2001), SEI/ASCE-8 (2002)
and EN 1993-1-4 (2006) is also presented.
3.4.2 Compound Ramberg-Osgood material model
Stainless steel displays highly non-linear stress-strain behaviour, with no sharply defined yield
point, a significant amount of strain hardening and high ductility. In comparison, annealed
carbon steel exhibits a linear elastic region, followed by a flat plastic plateau and a moderate
degree of strain hardening. Cold-forming of such material leads to a more rounded stress-strain
response, resembling that of stainless steel alloys.
The familiar Ramberg-Osgood material model originally developed by Ramberg and Osgood
(1943) and later modified by Hill (1944) has traditionally been used to replicate the behaviour
of metallic materials with a non-linear stress-strain response. The two stage Ramberg-Osgood
material model developed by Mirambell and Real (2000) and Rasmussen (2003) - Equations
(3.1) and (3.2) - and that developed by Gardner and Nethercot (2004a) presented in its final
form by Ashraf et al. (2006) - Equations (3.1) and (3.3) - have been utilised to replicate the
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measured stress-strain response of the tensile coupon tests presented in this chapter.
ε =
σ
E
+ 0.002(
σ
σ0.2
)n for σ ≤ σ0.2 (3.1)
ε =
σ − σ0.2
E0.2
+ (εu − εt,0.2 − σu − σ0.2
E0.2
)(
σ − σ0.2
σu − σ0.2 )
n′0.2,u + εt,0.2 for σ0.2 < σ ≤ σu (3.2)
ε =
σ − σ0.2
E0.2
+ (εt,1.0 − εt,0.2 − σ1.0 − σ0.2
E0.2
)(
σ − σ0.2
σ1.0 − σ0.2 )
n′0.2,1.0 + εt,0.2 for σ0.2 < σ ≤ σu (3.3)
The strain hardening exponent n is commonly determined based on two fixed points on the
stress-strain curve. While the choice of the two fixed points is mainly dependent on the applica-
tion of the model, one of these points is, by definition, taken as the 0.2% proof stress σ0.2 with
its corresponding total strain εt,0.2 while the 0.05% proof stress σ0.05 and its corresponding total
strain εt,0.05 (Mirambell and Real, 2000) or the 0.01% proof stress σ0.01 and its corresponding
total strain εt,0.01 (Rasmussen, 2003) have been commonly adopted as the second point. The
strain hardening exponents n′0.2,u and n′0.2,1.0 may be evaluated from (σu, εu) and (σ1.0, εt,1.0),
respectively and another intermediate point, typically taken as the 0.5% proof stress σ0.5 and
its corresponding total strain εt,0.5. Although determining the model parameters on the basis
of distinct points along the measured stress-strain curve provides a relatively straightforward
approach, the stress-strain description will be most accurate near the fixed points employed
and inaccuracies may exist elsewhere. Hence, a method for accurately determining the model
parameters based on a wider range of data points is necessary.
The ordinary least squares method, where the sum of the squares of the dependent variable is
minimised, is commonly used for fitting equations to data points. Owing to the significant slope
variation along the measured stress-strain curves, the residuals in the steeper region will have a
greater influence on the fitting procedures than those in the flatter regions. Also, since the test
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rate is varied during the test, the data points are not evenly distributed along the stress-strain
curve. As a result, more weighting will be given to the regions of the curve with high data
concentration in the fitting procedures.
Hence, a rigorous curve fitting approach has been employed herein for determining the best fit n,
n′0.2,u and n′0.2,1.0 values. The curve fitting method used involves a weighted total least squares
regression which minimises the errors on both axes and is independent of the distribution of
the data points. In order to remain unbiased toward either axis in the fitting procedures, the
measured stress-strain data were normalised appropriately and weighting factors were employed
to account for the non-uniform distribution of the data points along both axes, resulting in the
objective function given by Equation (3.4).
S = Min
i=k∑
i=1
(Wεn,ir
2
εn,i
+ Wσn,ir
2
σn,i
) (3.4)
where rεn,i is the residual in normalised ε, rσn,i is the residual in normalised σ and Wεn,i and
Wσn,i are the weighting factors for normalised ε and σ, respectively. The weighting factors are
related to the interval between successive data points, where a large gap corresponds to a high
weighting factor as defined by Equation (3.5) and (3.6).
Wεn,i = (εn,i − εn,i−1) (3.5)
Wσn,i = (σn,i − σn,i−1) (3.6)
The described method was used to determine the Ramberg-Osgood model parameters for the
tensile coupon tests presented and are provided in Tables 3.5 and 3.6 for the flat coupons and
the corner coupons, respectively. Examples of the fitted curves to the experimental data are
shown in Figures 3.11 and 3.12.
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Figure 3.11: Best fit curve of Equation (3.1) to experimental data
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Figure 3.12: Best fit curve of Equation (3.2) to experimental data
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3.4.3 Recommended compound Ramberg-Osgood model parameters
The results from the current test programme have been combined with existing measured stress-
strain data on cold-formed stainless steel sections from the literature and revised values for the
model parameters n, n′0.2,u and n′0.2,1.0 for commonly used stainless steel grades are recom-
mended.
Stress-strain data were sourced from Gardner (2002) - 59 tensile and 53 compressive coupon
tests on austenitic grade EN 1.4301, Nip et al. (2010) - 8 tensile coupon tests on austenitic grade
EN 1.4301, Theofanous and Gardner (2010) - 16 tensile coupon tests on lean duplex grade EN
1.4162 and Chapter 5 of this thesis - 20 tensile and 16 compressive coupon tests on ferritic grades
EN 1.4003 and EN 1.4509. All specimens were extracted from cold-formed tubular sections in
the longitudinal direction. A summary of the obtained compound Ramberg-Osgood material
model parameters is presented in Table 3.8.
Table 3.8: Average compound Ramberg-Osgood model parameters from coupon tests on cold-
formed stainless steel sections
Type Grade T/C n n′0.2,u n
′
0.2,1.0
Austenitic
1.4301 T 5.6 3.0 4.1
C 4.5 - 3.5
1.4571 T 6.9 3.3 2.6
1.4404 T 5.2 4.0 3.6
Ferritic
1.4003
T 8.4 2.9 -
C 6.1 - 3.0
1.4509
T 6.7 3.8 -
C 6.3 - 3.1
Duplex 1.4462 T 6.5 3.3 2.5
Lean duplex 1.4162 T 7.3 4.0 5.7
The European structural stainless steel design standard EN 1993-1-4 (2006) provides two sets
of n values for transverse and longitudinal loading directions. The values are recommended for
both annealed and cold-formed material in tension and compression. In the Australian/New
Zealand standard for cold-formed stainless steel structures AS/NZS 4673 (2001), different n
values based on the loading direction, transverse and longitudinal, and loading type, tension
and compression, are recommended for the design of cold-formed sections. The North Ameri-
can specification for the design of cold-formed stainless steel structural members SEI/ASCE-8
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(2002) provides a series of n values allowing for the loading type, loading direction and the
material’s level of cold-work.
A summary of the codified n values, covering the stainless steel grades considered in this study,
for transverse tension and compression and longitudinal tension and compression are provided in
Tables 3.9 and 3.10, respectively. Table 3.11 compares the n parameters obtained in this study
with their respective codified values. The recommended mean tensile n values for austenitic,
ferritic and duplex stainless steel grades are also presented in Table 3.11.
The n parameter is related to the degree of roundness of the stress-strain behaviour prior to the
0.2% proof stress and is expected to have a lower value for material with more rounded stress-
strain behaviour. Analysis of the experimental results reflects the expected trend of having the
lowest n for the austenitic grades, which typically have the highest alloying content, the highest
n for the ferritic grades and an intermediate n for the duplex grades.
Table 3.9: Codified n parameters for transverse tension (T) and compression (C)
Type Grade
EN 1993-1-4 AS/NZS 4673 SEI/ASCE-8
Annealed/Cold-formed Cold-formed Annealed/Cold-formed
T/C T C T C
Austenitic
1.4301 8.0 5.5 7.0 7.8 8.6
1.4571 9.0 - - - -
1.4571 9.0 5.5 7.0 - -
Ferritic
1.4003 11.0 11.5 11.5 - -
1.4509 - - - - -
Duplex 1.4462 5.0 5.0 5.5 - -
Lean duplex 1.4162 - - - - -
Table 3.10: Codified n parameters for longitudinal tension (T) and compression (C))
Type Grade
EN 1993-1-4 AS/NZS 4673 SEI/ASCE-8
Annealed/Cold-formed Cold-formed Annealed/Cold-formed
T/C T C T C
Austenitic
1.4301 6.0 7.5 4.0 8.3 4.1
1.4571 7.0 - - - -
1.4571 7.0 7.5 4.0 - -
Ferritic
1.4003 7.0 9.5 7.5 - -
1.4509 - - - - -
Duplex 1.4462 5.0 5.5 5.0 - -
Lean duplex 1.4162 - - - - -
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Table 3.11: Summary of the recommended and codified n values for cold-formed stainless steel
sections
Type Grade T/C Table 3.8 Mean tensile values EN 1993-1-4 AS/NZS 4673 SEI/ASCE-8
Austenitic
1.4301 T 5.6
5.6
6.0 7.5 8.3
C 4.5 6.0 4.0 4.1
1.4571 T 6.9 7.0 - -
1.4404 T 5.2 7.0 7.5 -
Ferritic
1.4003 T 8.4
7.9
7.0 9.0 -
C 6.1 7.0 7.5 -
1.4509 T 6.7 - - -
C 6.3 - - -
Duplex 1.4462 T 6.5
7.2
5.0 5.5 -
Lean duplex 1.4162 T 7.3 - - -
3.4.4 Strain at ultimate tensile stress
Annex C of EN 1993-1-4 (2006) for modelling the stress-strain response of stainless steels pro-
vides an expression for determining the strain at the ultimate tensile stress. This expression
was developed by Rasmussen (2003) on the basis of test data on austenitic, duplex and ferritic
stainless steels. In developing this expression, Rasmussen (2003) noted that it was not clear
whether the ultimate tensile strain quoted in some references was the strain at the ultimate ten-
sile strength, as had been assumed, or the strain at fracture including elongation from necking.
Hence, the suitability of this expression has been further assessed herein based on measured
strain data at the ultimate tensile stress. The results from a total of 93 tensile coupon tests
from the test programme presented in this Chapter, Huang and Young (2012) and those from
tests carried out in Chapter 5 of this thesis were used. Figure 3.13 compares the collected test
data with the predictive model, and confirms the suitability of the Rasmussen (2003) proposal,
with a mean test over predicted ratio of 0.99 and a COV of 0.45 for the austenitic, duplex and
lean duplex grades. The formula is less accurate for ferritic grades, and a modified expression
is under development in a parallel study reported in Arrayago et al. (2013).
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Figure 3.13: Prediction of the strain at the ultimate tensile stress
3.4.5 Young’s modulus
The slope of the linear elastic part of a uniaxial stress-strain curve is referred to as the material’s
Young’s modulus. Young’s moduli are typically obtained from tensile coupon tests, conducted
in accordance with the relevant testing standards, such as the European standard EN ISO 6892-
1 (2009), American standard ASTM E8/E8M-11 (2011) or Australian standard AS 1391 (2007).
These standards are primarily concerned with measuring the full range stress-strain response of
metallic materials and limited guidance on the accurate measurement of the Young’s modulus
is provided. Practical difficulties associated with a relatively short linear region at the begin-
ning of the stress-strain curve also exist in the case of non-linear materials such as stainless steel.
A comprehensive review, covering the key practical issues associated with tensile testing and
data analysis methods for the accurate determination of the Young’s modulus, has been carried
out by Roebuck et al. (1994) and Lord and Morrell (2010). Method of strain measurement, mis-
alignment and bending of the tensile coupon specimens as well as the data analysis technique
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employed, have been highlighted as having a potentially significant effect on the accuracy of
the measured Young’s modulus values. It was also reported that, double sided strain measure-
ment systems such as a high resolution double sided averaging extensometer or strain gauges
attached to both sides of the tensile coupon specimen have been found to provide accurate strain
measurements during the early important stage of the stress-strain curve used to calculate the
Young’s modulus. This point is fully supported based on the findings of the present study, and
it is recommended that strain gauges attached to both sides of the coupons are employed, in
order to achieve accurate measurements of Young’s modulus particularly when curved coupons
(due to the release of residual stresses) are being tested.
A concise and accurate method for the calculation of the Young’s modulus from tensile stress-
strain measurements has been developed as part of this study. Tensile coupon test results have
been utilised to verify the method and propose appropriate Young’s modulus values for a se-
ries of stainless steel grades. The method involves using an ordinary least squares regression
analysis to fit a straight line through a suitable range of the test data in the initial part of the
stress-strain curve following steps (1) to (7) below, with little or no operator intervention. The
average E values obtained are presented in Table 3.12.
1. An initial value of the Young’s modulus, taken as 200000 N/mm2, for the first iteration,
is assumed.
2. The corresponding 0.2% proof stress σ0.2 is defined.
3. The secant modulus, defined as the slope of the line from the origin to the point on the
stress-strain curve in consideration, is computed for each data point.
4. A range of the stress-strain data is specified with the upper limit taken as 0.3σ0.2 and the
lower limit taken as the point where the ratio of the successive secant moduli is less than
80%.
5. A linear line is fitted through the data specified in step (4) using an ordinary least squares
regression.
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6. The slope of the line is taken as the Young’s modulus.
7. Steps (1) to (6) are repeated until the Young’s moduli values from Steps (6) and (1) are
within 1%.
Table 3.12 also compares the Young’s modulus values obtained in this study with their respective
codified values. The calculated values show good agreement with all the codified values except
for the EN 1993-1-4 (2006) high Young’s modulus of 220000 N/mm2 for the ferritic grades.
It is recommended that an average value of 195000 N/mm2 may be adopted for all stainless
steel grades considered in this study, since no clear trend in measurements between grades is
observed herein.
Table 3.12: Summary of the recommended and codified Young’s modulus values for stainless
steel material
Type Grade This study EN 1993-1-4 AS/NZS 4673 SEI/ASCE-8
Austenitic
1.4301 192000 200000 195000 193000
1.4571 191000 200000 - -
1.4404 195000 200000 195000 -
Ferritic
1.4003 199000 220000 195000 -
1.4509 190000 220000 - -
Duplex 1.4462 190000 200000 200000 -
Lean duplex 1.4162 205000 - - -
3.5 Concluding remarks
A material test programme on a total of 18 cold-formed structural sections, including Square
Hollow Sections (SHS), Rectangular Hollow Sections (RHS) and Circular Hollow Section (CHS)
was performed. The results from tensile tests on 51 flat coupons, 28 corner coupons and 6 full
section specimens were presented. A review of the commonly adopted compound Ramberg-
Osgood model, used for modelling the stress-strain response of non-linear materials, along with
a robust curve fitting method for determining the model parameters was provided. The re-
sults from the current test programme combined with existing measured stress-strain data on
cold-formed stainless steel sections from the literature were used to propose revised values for
the model parameters n, n′0.2,u and n′0.2,1.0 and Young’s modulus E for commonly used stainless
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steel grades. A comparison between the recommended values and the codified values provided
in AS/NZS 4673 (2001), SEI/ASCE-8 (2002) and EN 1993-1-4 (2006) was also presented. The
obtained n values were in accordance with the anticipated material response having the lowest
value for the austenitic grades, the highest value for the ferritic grades and an intermediate
value for the duplex grades - which is not reflected in the current codified n values. It was
recommended that a single Young’s modulus value of 195000 N/mm2 may be adopted for the
stainless steel grades considered in this study. The suitability of the EN 1993-1-4 (2006) Annex
C expression for determining the strain at the ultimate tensile stress was also confirmed for
austenitic and duplex stainless steel grades. The results of the experimental programme and
the analysis of the results presented in this chapter are published in Afshan et al. (2013).
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4 Prediction of Enhanced Material
Strength due to Section Forming
4.1 Introduction
Cold-formed structural sections are widely used in construction, offering high strength and
stiffness-to-weight ratios. Structural elements in a range of section shapes - tubular sections,
including the familiar square, rectangular and circular hollow sections and the recently added
elliptical hollow sections, and open sections such as angles, channels and lipped channels - are
commonly used in building design. With increasing emphasis being put on the sustainable use
of resources, fully exploiting material properties in structural design is paramount. The per-
formance of finite element (FE) models is also often highly sensitive to the prescribed material
parameters, making an accurate representation of the material characteristics essential. There-
fore, developing suitable predictive models for harnessing the increases in material strength
caused by plastic deformations, experienced during the cold-forming production routes, is re-
quired.
In this chapter, predictive models from the literature for determining the strength enhancements
observed in cold-formed metallic sections are reviewed. Two recently proposed predictive mod-
els, developed by Cruise and Gardner (2008b) and Rossi (2008), have been assessed extensively.
Improvements to the existing models have been made and a new predictive model is presented
and statistically verified. The generated tensile coupon test results from Chapter 3, combined
with those from existing experimental programmes, have been used to validate the predictions
from the models and make comparisons between the presented predictive equations.
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4.2 Production routes
Cold-rolling and press-braking are the two methods commonly employed in the manufacture
of light gauge cold-formed structural sections. In press-braking, the sheet material is formed
into the required shape by creating individual bends along its length. It is a semi-automated
process used to produce open sections, such as angles and channels, in limited quantities. Air
press-braking, where elastic spring back is allowed for by over-bending the material, is more
commonly adopted than coin press-braking, where the die and the tool fit into one another.
Cold-rolling is an automated continuous bending process in which the gradual deformation of
the uncoiled metal sheet through a series of successive rollers produces the final cross-section
profile. In the case of tubular box sections, the flat metal sheet is first rolled into a circular tube
and is welded closed. It is subsequently deformed into a square or rectangle by means of dies.
The tube’s cross-section is initially circular whereas the cross-section at the end of the process
is a square or rectangle with round corners.
4.3 Literature predictive models
4.3.1 Overview
Early studies of the strength enhancement in the corner regions of cold-formed carbon steel
sections were carried out by Karren (1967). A power model to predict the strength increases in
the corner regions of cold-formed sections, in terms of the yield stress of the unformed sheet ma-
terial and the internal corner radius to thickness ratio was proposed. The model was developed
based on available test data, including specimens formed by both cold-rolling and press-braking
processes. The author suggested that since the corner regions typically represent 5% to 30% of
the total cross-sectional area, the influence of the enhanced corner strength should be incorpo-
rated in structural calculations (Karren, 1967).
Coetzee et al. (1990) performed an experimental study into strength enhancements in cold-
formed stainless steel sections. Material tests on press-braked lipped channel sections of three
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stainless steel grades (EN 1.4301, 1.4401 and 1.4003) were conducted. Karren’s (1967) expres-
sion was later modified by Van den Berg and Van der Merwe (1992) on the basis of Coetzee et al.
(1990) test data and further test data on stainless steel single press-braked corner specimens
in grades EN 1.4301, 1.4016, 1.4512 and 1.4003. Gardner and Nethercot (2004a) studied test
data from cold-rolled box sections and observed a linear relationship between the 0.2% proof
strength of the corner regions and the ultimate strength of the flat faces.
Ashraf et al. (2005) analysed all stainless steel test results, from a variety of fabrication pro-
cesses, to investigate the application of the predictive equations proposed by Van den Berg and
Van der Merwe (1992). Comparisons of the predicted strength and the test results showed that
modifications to the models were required. Three empirical predictive models for the evaluation
of the corner yield strength were proposed. Two power models based on the properties (0.2%
proof strength and the ultimate tensile strength) of the unformed sheet material were developed
to predict the corner 0.2% proof strength of both cold-rolled and press-braked sections. The lin-
ear expression proposed by Gardner and Nethercot (2004a), to predict the 0.2% proof strength
of the corners in cold-rolled box sections was also recalibrated in light of further experimental
data. Furthermore, in order to obtain full insight into the influence of cold-work on the corner
material properties, an equation to predict the ultimate tensile strength of the corner material
was developed.
Cruise and Gardner (2008b) later recalibrated the Ashraf et al. (2005) expressions in light of
further stainless steel experimental data and proposed two revised expressions to predict the
enhanced corner strength of press-braked and cold-rolled sections. In addition, expressions for
evaluating the 0.2% proof stress and the ultimate tensile stress of the flat faces of cold-rolled
box sections were developed. Similarly, based on corner material test results on structural car-
bon steel box sections, Gardner et al. (2010a) modified the predictive model given in the AISI
Specification for the Design of Cold-formed Steel Structural Members (1996). Values of the co-
efficients in the predictive equation were proposed that enabled the model to be applied to the
assessment of the enhanced corner strength of cold-rolled square and rectangular hollow sections.
A method for taking account of corner strength enhancements for cross-section design of carbon
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steel structures using an increased average yield strength is also set out in EN 1993-1-3 (2006).
An alternative formula to evaluate the enhanced 0.2% proof strength in the flat faces and corner
regions of cold-formed sections, using the properties of the unformed sheet material and the fi-
nal cross-section geometry, was proposed by Rossi (2008). The proposed equation is established
using the inverted compound Ramberg-Osgood material model (Abdella, 2006) without intro-
ducing empirical parameters, allowing its application to a range of non-linear metallic materials.
4.3.2 Cruise and Gardner (2008b) predictive model
Cruise and Gardner (2008b) carried out an extensive experimental study of cold-formed stainless
steel structural sections made of grade EN 1.4301 material, produced from both cold-rolling and
press-braking production routes. Based on the experimental results, including tensile coupon
tests and hardness tests, the distributions of the 0.2% proof strength and ultimate tensile
strength around a series of cold-rolled box sections and press-braked angle sections were iden-
tified. The generated test data were combined with all other available published experimental
data and used to develop models for predicting the strength enhancements around stainless
steel sections. The experimental observations showed that, for press-braked sections, the en-
hancements are confined to the corner regions, whereas cold-rolled box sections also exhibited
significant strength increases in the flat faces, indicating that the flat faces in cold-rolled box
sections also experience plastic deformations during forming. New models were therefore pro-
posed to predict the strength enhancements in the flat faces of cold-rolled box sections.
Expressions for the 0.2% proof stress σ0.2,f,pred and the ultimate tensile stress σu,f,pred, Equations
(4.1) and (4.2) respectively, were provided, in which t, b and h are the section thickness,
width and depth respectively, and σ0.2,mill and σu,mill are the 0.2% proof stress and ultimate
tensile stress of the unformed material, as provided by the mill certificate. The two key driving
parameters in the models were the strain experienced during section forming and the potential
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for strength enhancement of the material (Cruise and Gardner, 2008b).
σ0.2,f,pred =
0.85σ0.2,mill
−0.19 + 1
12.42 pit
2(b+h)
+0.83
(4.1)
σu,f,pred = σu,mill
[
0.19
(
σ0.2,f,pred
σ0.2,mill
)
+ 0.85
]
(4.2)
Existing literature models were also modified to predict the strength enhancement in the corner
regions of cold-rolled and press-braked stainless steel sections. The simple power model pro-
posed by Ashraf et al. (2005) was recalibrated based on a more comprehensive experimental
database to predict the 0.2% proof stress of the corners in press-braked sections. For cold-
rolled sections, the model presented in Gardner and Nethercot (2004a) and later recalibrated
by Ashraf et al. (2005), providing a linear relationship between the 0.2% proof stress of the
formed corners and the ultimate strength of the flat faces, was again updated.
The proposed expressions for the corner strength enhancement σ0.2,c,pred are given by Equations
(4.3) and (4.4) for press-braked sections and cold-rolled sections, respectively, in which ri is
the internal corner radius. The experimental data also indicated that, the corner strength
enhancement extends beyond the curved corner region for cold-rolled sections, and it is confined
to the corner region for press-braked sections. It was therefore proposed that Equation (4.4), for
cold-rolled sections, should be used to predict a uniform strength enhancement for the corner
region plus an extension of 2t, where t is the material thickness, beyond the corner radius into
the flat faces of the section.
For press-braked sections: σ0.2,c,pred =
1.673σ0.2,mill
(ri/t)0.126
(4.3)
For cold-rolled sections: σ0.2,c,pred = 0.83σu,f,pred (4.4)
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4.3.3 Rossi (2008) predictive model
Rossi (2008) examined the through-thickness residual stress distributions and strength enhance-
ments induced during cold-forming of sections composed of non-linear metallic materials. The
proposed model for predicting the cold-work strength enhancement is essentially based on the
determination of the plastic strains caused during the fabrication process and evaluation of the
corresponding stresses, through an appropriate material model. The cold-rolling fabrication
process was broken down into four key steps: (A) coiling of the sheet material, (B) uncoiling
of the sheet material, (C) forming into a circular section and (D) subsequent deforming into a
square or rectangular section.
The flat faces of cold-rolled hollow sections were thus assumed to undergo coiling and uncoiling
in the rolling direction followed by bending and unbending, in the direction perpendicular to
the rolling direction. Analysis of the results showed that the plastic strain from both the sheet
forming and cross-section forming processes contribute to the overall strength enhancement of
the flat faces of cold-rolled box sections. However, Step C, forming into a circular section, was
found to have the greatest influence on strength enhancement in the flat faces of cold-rolled box
sections and was used as the dominant stage for subsequent analysis. For the corner regions, in
both cold-rolled and press-braked sections, the final formation of the corner was considered as
the dominant stage of the process.
The induced plastic strains associated with the dominant stages of the flat face and corner
forming processes were determined. Assuming pure bending, the maximum transverse strain
experienced by the section face during the formation of the circular tube (step C) was taken as
εf = pit/2(b + h). Similarly, the maximum strain induced during corner forming was taken as
εc = (t/2)/ri. The symbols are defined in Figure 4.1. These strain measures are essentially the
same strains considered by Cruise and Gardner (2008b).
The inverted compound Ramberg-Osgood material model, proposed by Abdella (2006) was
employed within the predictive model to mimic the stress-strain response of the unformed sheet
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Figure 4.1: Definition of symbols for SHS and RHS
material, with key points obtained from the mill certificate. The maximum surface plastic
strains were incorporated into the material model to deduce the ensuing enhanced strength.
The resulting predictive model (Rossi, 2008) is given by Equations (4.5, 4.6 and 4.7). The
proposed formula may be used to evaluate the strength enhancement σ0.2,f or c, pred in the flat
faces of cold-rolled box sections and the corner regions of both cold-rolled sections and press-
braked sections, based on the appropriate radius: R = (b + h)/pi for flat faces and R = ri for
the corner regions.
σu,mill
σ0.2,f or c, pred − σ0.2,mill = C1
(
R
t/2
)
+ C2
(
R
t/2
)α
(4.5)
in which,
C1 =
εt,0.2
r2
σu,mill
σ0.2,mill
(4.6)
C2 =
(r∗ − 1)εt,0.2
r2(εu − εt,0.2)p∗
σu,mill
σ0.2,mill
(4.7)
where, r2 = E0.2εt,0.2/σ0.2, E0.2 = σ0.2E/(σ0.2 + 0.002nE), r
∗ = E0.2(εu − εt,0.2)/(σu − σ0.2),
p∗ = r∗(1− ru)/(r∗ − 1), ru = Eu(εu − εt,0.2)/(σu − σ0.2), Eu = E0.2/[1 + (r∗ − 1)m],
m = 1 + 3.5σ0.2/σu, α = 1− p∗ and εt,0.2 = 0.002 + σ0.2/E.
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4.4 Comparisons of existing predictive models
4.4.1 Experimental database
In order to assess the wider applicability of the predictive models proposed by Cruise and
Gardner (2008b) and Rossi (2008), tensile coupon data from a broad spectrum of existing test-
ing programmes have been gathered (Coetzee et al., 1990; Van den Berg and Van der Merwe,
1992; Gardner et al., 2010a; Guo et al., 2007; Zhu and Wilkinson, 2007; Niemi and Rinnevalli,
1990; Ala-Outinen, 2007; Cruise, 2007; Gardner, 2002; Gardner et al., 2006; Hyttinen, 1994;
Rasmussen and Hancock, 1993a; Talja and Salmi, 1995; Theofanous and Gardner, 2010; Lecce
and Rasmussen, 2005) to supplement those obtained in Chapter 3. The results of the tensile
coupon tests on ferritic stainless steel material provided in Chapter 5 were also added to this
database. The collated database covers a range of structural section types - CHS, SHS, RHS,
angles, lipped channel sections (LCS) and hollow flange channel sections (HFCS) from both
cold-rolling and press-braking fabrication processes, as illustrated in Figure 4.2, and a range
of structural materials including carbon steel (CS) grades and austenitic (EN 1.4301, 1.4306,
1.4307, 1.4318, 1.4404, 1.4571,1.4401), ferritic (EN 1.4016, 1.4003, 1.4512, 1.4509), duplex (EN
1. 4462) and lean duplex (EN 1.4162) stainless steel (SS) grades.
 
Figure 4.2: Variety of cold-formed cross-sections considered in this study
In order to investigate the strength enhancement due to face forming processes in cold-rolled
sections, reported tensile coupon tests for this portion of the section have been used. Table
4.1 provides a summary of the collected database for the flat faces of the cold-rolled sections
analysed herein. Based on the available published corner test data, for both cold-rolled and
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press-braked sections, the performance of the predictive models for corners has also been as-
sessed. The compiled database for corner coupon tests considered in this study is summarised
in Table 4.2.
The collected information includes the section geometric dimensions, mill certificate material
properties σ0.2,mill and σu,mill and the measured material properties of the formed sections the
0.2% proof stress σ0.2,test and the ultimate tensile stress σu,test. For cold-formed sections, the
mill test is carried out on sheet material prior to section forming in the transverse direction,
perpendicular to the rolling direction, and the results are supplied by the manufacturer. The
Ramberg-Osgood material model parameters, required for the Rossi (2008) model, were sourced
from Ashraf et al. (2006) and the relevant material properties were obtained from EN 1993-1-1
(2005) for carbon steel sections and EN 10088-1 (2005) for stainless steel sections.
Table 4.1: Summary of database for coupon tests on flat material in cold-rolled sections
Reference Material Section type No. of tests
Chapter 3 CS (S355) SHS/RHS 12
Gardner et al. (2010a) CS (S235) SHS/RHS 5
Guo et al. (2007) CS (S235) SHS/RHS 6
Niemi and Rinnevalli (1990) CS (S355) SHS 1
Zhu and Wilkinson (2007) CS(1) HFCS 19
Chapter 3 SS (1.4301) SHS/RHS 9
Chapter 3 SS (1.4571) SHS 6
Chapter 3 SS (1.4404) SHS/RHS 6
Ala-Outinen (2007) SS (1.4301) SHS 4
Cruise (2007) SS (1.4301) SHS/RHS 7
Gardner (2002) SS (1.4301) SHS/RHS 54
Gardner et al. (2006) SS (1.4318) SHS/RHS 16
Hyttinen (1994) SS (1.4301) SHS 8
Rasmussen and Hancock (1993a) SS (1.4306) SHS 1
Talja and Salmi (1995) SS (1.4301) SHS 10
Chapter 3 SS (1.4003) SHS/RHS 6
Chapter 5 SS (1.4003) SHS/RHS 12
Hyttinen (1994) SS (1.4003) SHS 4
Chapter 3 SS (1.4509) SHS 9
Hyttinen (1994) SS (1.4512) SHS 4
Chapter 3 SS (1.4462) CHS 2
Theofanous and Gardner (2010) SS (1.4162) SHS/RHS 16
Chapter 3 SS (1.4162) SHS 3
(1) Material grade was not reported.
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Table 4.2: Summary of database for coupon tests on corner material
Reference Material Section type No. of tests
Chapter 3 CS (S355) SHS/RHS 8
Gardner et al. (2010a) CS (S235) SHS/RHS 5
Guo et al. (2007) CS (S235) SHS/RHS 6
Niemi and Rinnevalli (1990) CS (S355) SHS 1
Zhu and Wilkinson (2007) CS(1) HFCS 12
Chapter 3 SS (1.4301) SHS/RHS 6
Chapter 3 SS (1.4571) SHS 4
Chapter 3 SS (1.4404) SHS/RHS 4
Coetzee et al. (1990) SS (1.4301) LCS 4
Coetzee et al. (1990) SS (1.4401) LCS 4
Cruise (2007) SS (1.4301) SHS/RHS 27
Cruise (2007) SS (1.4301) Angle 8
Gardner (2002) SS (1.4301) SHS/RHS 5
Gardner et al. (2006) SS (1.4318) SHS/RHS 2
Lecce and Rasmussen (2005) SS (1.4301) LCS 2
Rasmussen and Hancock (1993a) SS (1.4306) SHS 1
Van den Berg and Van der Merwe (1992) SS (1.4301) Angle 9
Chapter 3 SS (1.4003) SHS/RHS 4
Chapter 5 SS (1.4003) SHS/RHS 3
Coetzee et al. (1990) SS (1.4003) LCS 4
Lecce and Rasmussen (2005) SS (1.4016) LCS 2
Lecce and Rasmussen (2005) SS (1.4003) LCS 2
Van den Berg and Van der Merwe (1992) SS (1.4512) Angle 10
Van den Berg and Van der Merwe (1992) SS (1.4016) Angle 9
Van den Berg and Van der Merwe (1992) SS (1.4003) Angle 10
Chapter 3 SS (1.4162) SHS 2
Theofanous and Gardner (2010) SS (1.4162) SHS/RHS 4
(1) Material grade was not reported.
4.4.2 Comparison of predictive models
Comparisons, in terms of both the accuracy of the predictions and the ease of use, of the two
predictive models have been made. Numerical comparisons, including the mean and coefficient
of variation (COV), of the two predictive models with the test data, in terms of the predicted
strength to the test strength ratio, are presented in Tables 4.3 and 4.4 for flat faces and cor-
ner regions, respectively. Although the proposed predictive model for flat faces of cold-rolled
sections provided by Cruise and Gardner (2008b) was calibrated only for stainless steel, it has
also been applied herein to carbon steel test data for comparison purposes and the results are
shown in Table 4.3 in brackets.
Analysis of the results shows that for the flat faces of cold-rolled stainless steel sections, the
80
Prediction of Enhanced Material Strength due to Section Forming
predictive model from Rossi (2008) is able to predict more accurate results, in terms of the
mean value, than the predictive equation proposed by Cruise and Gardner (2008b) but, has
higher scatter. The results for the corner regions show that for stainless steel, the Cruise and
Gardner (2008b) model offers more accurate prediction of the test data with lower scatter. Also,
Rossi (2008) and the modified AISI (Gardner et al., 2010a) predictions for the corner strength
enhancements of carbon steel sections are in good agreement, with the former showing a lower
scatter of 0.09.
As far as the flat faces of cold-rolled sections are concerned, both models use the same measure
of cold-work induced plastic strain in their formulations, but different material models. The
Rossi (2008) model employs the compound Ramberg-Osgood material model whereas, Cruise
and Gardner (2008b) assume linear hardening material behaviour for stainless steel with the
material model incorporated into the predictive model coefficients resulting in the same rela-
tive enhancement whatever the material. As a result, while the Rossi (2008) predictive model
may be applied to any non-linear material, the Cruise and Gardner (2008b) model is specific
to structural sections with the material for which the models were calibrated against, which
included austenitic stainless steel grade EN 1.4301. Moreover, strength enhancements should
be predicted once any finite plastic strains are experienced and the Cruise and Gardner (2008b)
formulation is not in accordance with this principle.
Owing to the complicated mathematical form and the number of input parameters required to
evaluate the cold-work induced strength enhancement from Rossi’s (2008) predictive equation,
it is lengthy to implement in design calculations. In order to overcome the shortcomings of the
two predictive models, a new concise and accurate predictive model is proposed in the next
section.
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Table 4.3: Comparison of the predictive models and test data for the 0.2% proof strength of the
flat faces of cold-rolled sections (σ0.2,f,pred/σ0.2,test)
Predictive Model Cruise and Gardner (2008b) Rossi (2008)
All
Mean 1.10 0.97
COV 0.21 0.20
Carbon steel
Mean (1.25) 0.99
COV (0.20) 0.18
Stainless steel
Mean 1.06 0.97
COV 0.20 0.21
Table 4.4: Comparison of the predictive models and test data for the 0.2% proof strength of the
corner regions of cold-formed sections (σ0.2,c,pred/σ0.2,test)
Predictive Model Cruise and Gardner (2008b)/Gardner et al. (2010a) Rossi (2008)
All
Mean 0.97 1.06
COV 0.11 0.14
Carbon steel
Mean 0.97 0.98
COV 0.11 0.09
Stainless steel
Mean 0.97 1.08
COV 0.12 0.14
4.5 Extension of predictive models
4.5.1 Introduction
A simple and accurate method for predicting the strength enhancement in cold-formed struc-
tural sections is presented. The model development is based on the same concept as used in the
Rossi (2008) predictive model, which involves the determination of the cold-work induced plas-
tic strain followed by the evaluation of the corresponding stress from the stress-strain response
of the unformed sheet material, using an appropriate material model. Given the scatter in the
test data, as shown in Figures 4.3 and 4.4 for flat faces and corner regions, respectively, and the
assumptions made in simplifying the forming processes, using a simple material model, in place
of the compound Ramberg-Osgood model, is deemed more appropriate. In addition, analysis of
the results shows that the plastic strain from both the sheet forming and cross-section forming
processes contribute to the overall strength enhancement of the flat faces of cold-rolled box
sections and should be allowed for in predicting the resulting strength enhancements.
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Figure 4.3: Normalised measured 0.2% proof stress for the flat faces of cold-rolled sections
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Figure 4.4: Normalised measured 0.2% proof stress for the corner regions of cold-formed sections
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4.5.2 Material stress-strain models
In order to represent the stress-strain response of the unformed sheet material, the suitability
of a power law model and a tri-linear material model with strain hardening, Equations (4.8)
and (4.9), respectively, have been assessed. The parameters which define each model are based
on the key material properties of the unformed sheet, as provided in the mill certificate.
σ = pεq for 0 ≤ ε ≤ εu (4.8)
σ = σ0.2 +
σu − σ0.2
0.5εu − ε0.2 (ε− ε0.2) for ε0.2 < ε ≤ 0.5εu
σ = σu for 0.5εu < ε ≤ εu
(4.9)
The power law model parameters, p and q, are calibrated such that the function passes through
the 0.2% proof stress and corresponding total strain (εt,0.2, σ0.2) and the ultimate tensile stress
and corresponding total strain (εu, σu) points, as shown in Figure 4.5. The model’s inability
to provide a good fit to the actual stress-strain response at low strains will not influence the
predicted strength due to the relatively large magnitude of the plastic strains induced during
cold-forming processes.
For the tri-linear model, illustrated in Figure 4.6, the first stage has a slope E, taken as the
material initial Young’s modulus, up to the yield point, defined as the 0.2% proof stress and
the corresponding elastic strain (ε0.2=σ0.2/E). The strain hardening slope is determined as the
slope of the line passing through the defined yield point (ε0.2, σ0.2) and a specified maximum
point (εmax, σmax) with εmax taken as 0.5εu, where εu is the strain at the ultimate tensile
stress, and σmax is taken as the ultimate tensile stress σu. A similar approach has been recom-
mended in EN 1999-1-1 (2007) for modelling the stress-strain response of aluminium alloys. In
order to prevent significant over-predictions of strength at large strains, a maximum stress limit
equal to the ultimate tensile stress σu has been added. No strength enhancement would result
from strains less than the yield strain; hence the initial part of the model will not be used for
84
Prediction of Enhanced Material Strength due to Section Forming
strength enhancement predictions. The strain at the ultimate tensile stress εu of the unformed
sheet material, required in both material models, is not provided in the material mill certificate.
Hence, the expression given in Annex C of EN 1993-1-4 (2006) for modelling the stress-strain re-
sponse of stainless steels, which was further verified in the Chapter 3, has been employed herein.
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Figure 4.5: Schematic diagram of the power law material model
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Figure 4.6: Schematic diagram of the tri-linear material model
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4.5.3 Cold-work induced plastic strains
Cold-work plastic strains are induced during both the coiling and uncoiling of the sheet ma-
terial and the cross-section forming processes. The plastic strain components from both the
sheet forming and cross-section forming processes therefore contribute to the overall strength
enhancement of the flat faces of cold-rolled box sections whereas for corners of cold-rolled sec-
tions and press-braked sections, the plastic strains from the formation of the corner are generally
much larger in magnitude than the plastic strains induced prior to corner forming.
The through thickness strain induced during the coiling/uncoiling processes is related to the
internal coil radius and the radial location of the sheet in the coil. The critical coil radius
associated with the initiation of through thickness plastic strains from sheet coiling depends on
the thickness and material properties of the sheet. If the coil radius is greater than this critical
radius, no plastic strains are introduced; otherwise, varying degrees of through thickness plastic
strains are produced. As it is not possible to provide an exact measure of the plastic strains
associated with the coiling/uncoiling processes, due to the unknown value of the coil radius co-
inciding with the as-formed member, this strain may be determined on the basis of an average
coil radius Rcoiling = 450 mm, as recommended in Moen et al. (2008)
The total plastic strain experienced by the flat faces of cold-rolled box-sections is taken as the
sum of the strains from the coiling, uncoiling, formation of the circle and crushing into the final
cross-section geometry - referred to as steps A, B, C and D in Rossi (2008). The amount of
straining is dependent on the history of deformation, the location away from the middle surface
of the sheet, the distance between the neutral surface and the middle surface, and the bending
curvature. Also, the deformation history involves elastic unloading: in reality, step D should not
be considered the same as step C, but incorporating rigorous strain calculations will complicate
the model. Therefore, reverse bending (uncoiling and formation of the final cross-section) is
assumed to cause the same magnitude of strain as bending. Hence, the strains from the sheet
uncoiling and formation of the final geometry are taken as equal and opposite to the strains
from coiling and formation of circular tube, respectively. In addition, the maximum surface
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plastic strains were used in the predictive models presented in Sections 4.3.2 and 4.3.3, but
a more appropriate measure for predicting the strength enhancements is in fact the through
thickness averaged plastic strain; and this has been employed herein. With the assumption of
a linearly varying strain distribution through the material thickness and a bending neutral axis
that coincides with the material’s mid-thickness, the through thickness averaged plastic strain
is given as half of the maximum surface strain. Hence, the through thickness averaged plastic
strains for the flat faces εf,av and corner regions εc,av to be used in the new predictive model
are:
εf,av =
[
(t/2)/Rcoiling
]
+
[
(t/2)/Rf
]
(4.10)
εc,av = 0.5
[
(t/2)/Rc
]
(4.11)
where, Rf =
b+h−2t
pi and Rc = ri +
t
2
4.5.4 Analysis of results and design recommendations
The experimental database presented in Section 4.4.1 has been used to investigate the applica-
bility of the two simple stress-strain models with the through thickness averaged plastic strain
measures introduced in Sections 4.5.2 and 4.5.3 for predicting the strength enhancement in
cold-formed sections. Numerical comparisons, including the mean and coefficient of variation
(COV), of the predictions from both material stress-strain models with the test data, in terms
of the predicted strength to the test strength ratio, are presented in Tables 4.5 and 4.6 for the
flat faces and corner regions, respectively.
Analysis of the results shows that for both the flat faces and corner regions, the power law ma-
terial model gives more accurate results in comparison with the test data in terms of both the
mean and the COV, than the linear hardening material model. The power law model and the
Rossi (2008) model give similar mean values of 1.01 and 0.97, respectively for the flat faces of
cold-rolled stainless steel and carbon steel sections. As far as the corner regions of cold-formed
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Table 4.5: Comparison of the proposed predictive models and test data for the 0.2% proof
strength of flat faces of cold-rolled sections (σ0.2,f,pred/σ0.2,test)
Predictive Model Linear model Power model
All
Mean 0.89 1.01
COV 0.21 0.20
Carbon steel
Mean 0.96 1.00
COV 0.17 0.19
Stainless steel
Mean 0.87 1.01
COV 0.22 0.20
Table 4.6: Comparison of the proposed predictive models and test data for the 0.2% proof
strength of corner regions of cold-rolled sections (σ0.2,c,pred/σ0.2,test)
Predictive Model Linear model Power model
All
Mean 0.92 0.96
COV 0.14 0.14
Carbon steel
Mean 0.93 0.92
COV 0.07 0.08
Stainless steel
Mean 0.92 0.97
COV 0.16 0.15
sections are concerned, the Rossi (2008) model over-predicts the test data, highlighting that the
use of the maximum surface plastic strain is not appropriate, while the power law model with
the through thickness averaged strain measure offers safer predictions. Overall, the proposed
power law material model with the new through thickness averaged plastic strain predictions
are in good agreement with the test data and may be employed to predict the strength enhance-
ment in cold-formed structural sections.
The developed predictive model is used for determining the tensile 0.2% proof strength of cold-
formed sections and is based on the tensile material properties of the unformed sheet material.
Owing to the asymmetric stress-strain response of stainless steel in tension and compression
(Gardner and Nethercot, 2004a; Rasmussen and Hancock, 1993a), its material properties are
often supplied in both tension and compression in structural design standards. The AS/NZS
4673 (2001) and SEI/ASCE-8 (2002) standards provide both tensile and compressive material
properties while the EN 1993-1-4 (2006) only considers tensile material properties. Existing data
on tensile and compressive coupon tests from the literature (Gardner and Nethercot 2004a; Ras-
mussen and Hancock 1993a; Coetzee et al. 1990; Talja and Salmi 1995; Theofanous and Gardner
2010; SCI 1991) and those obtained in Chapter 5 were analysed, see Figure 4.7, and it was shown
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that the compressive 0.2% proof strength is on average 5% lower than that for tension. This
finding is to be allowed for in the predictive model.
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Figure 4.7: Relationship between the tensile and compressive 0.2% proof stress
Test data on stainless steel cold-formed tubular members in compression and bending were also
gathered and statistical analyses in accordance with EN 1990-Annex D (2002) were performed
to assess the reliability of the current EN 1993-1-4 (2006) design guidelines. To allow for the
increased variability associated with the prediction of material strength, as opposed to adopting
minimum specified values, a factor of 0.90 is proposed to be used in conjunction with the new
predictive equation to maintain the same level of reliability as current codified guidelines. The
predictive equation for determining the enhanced 0.2% proof stress of cold-formed structural
sections, allowing for asymmetry in the stress-strain response and the required reliability level
through the 0.85 factor (≈ 0.95 × 0.90), is presented in its final form in Equations (4.12) and
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(4.13) for the flat faces and corner regions, respectively.
σ0.2,f,pred = 0.85
[
p(εf,av + εt,0.2)
q
]
but ≤ σu,mill (4.12)
σ0.2,c,pred = 0.85
[
p(εc,av + εt,0.2)
q
]
but ≤ σu,mill (4.13)
The coefficient p (with units of stress) and the exponent q may be calculated directly from
the basic properties of the unformed material from the mill certificates, as given by Equations
(4.14) and (4.15), respectively. In the absence of the mill certificate values, the minimum
codified material properties may be used.
p =
σ0.2,mill
εqt,0.2
(4.14)
q =
ln(σ0.2,mill/σu,mill)
ln(εt,0.2/εu)
(4.15)
Following the findings of Cruise and Gardner (2008b), for the press-braked sections, the en-
hanced corner strength is confined to the curved corner region only of area Acorner and for
cold-rolled box sections, it extends by 2t, where t is the material thickness, beyond the corner
radius into the flat faces of the section. Hence, the cross-section weighted average enhanced
0.2% proof stress for press-braked sections and cold-rolled box sections may be determined from
Equations (4.16) and (4.17), respectively.
For press-braked sections: σ0.2,section =
(
σ0.2,c,predAc,pb
)
+
(
σ0.2,mill(A−Ac,pb)
)
A
(4.16)
For cold-rolled sections: σ0.2,section =
(
σ0.2,c,predAc,rolled
)
+
(
σ0.2,f,pred(A−Ac,rolled)
)
A
(4.17)
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where, Ac,pb = Acorner = (ncpit/4)(2ri + t), Ac,rolled = Acorner + 4nct
2, A = gross cross-sectional
area of the section and nc is the number of 90
◦ corners in the section.
The new predictive model was evaluated against the test data presented in Section 4.4.1. The
method offers, on average, 19% and 36% strength enhancements relative to the minimum codi-
fied strength values provided in EN 1993-1-4 (2006) and EN 1993-1-1 (2005), for the flat faces
and corner regions, respectively. The new proposed predictive model is simple to use in struc-
tural calculations and is applicable to any metallic structural sections.
4.6 Concluding remarks
A review of predictive models from the literature for harnessing the strength increases in cold-
formed sections as a result of plastic deformation during production was carried out. Two re-
cently proposed predictive models, developed by Cruise and Gardner (2008b) and Rossi (2008),
were assessed extensively. Improvements to the existing models were subsequently made and
a new predictive model was presented. A comprehensive database of the tensile coupon tests
from Chapter 3 and existing experimental programs were used to validate the predictions from
the models.
Analysis of the results showed that for the flat faces of cold-rolled stainless steel sections, the
predictive model from Rossi (2008) is able to predict more accurate results, in terms of the
mean value, than the predictive equation proposed by Cruise and Gardner (2008b) but, has
higher scatter. The results for the corner regions show that for stainless steel, the Cruise and
Gardner (2008b) model offers more accurate predictions of the test data with lower scatter.
Also, Rossi (2008) and the modified AISI model (Gardner et al., 2010a) predictions for the
corner strength enhancements of carbon steel sections are in good agreement, with the former
showing a lower scatter of 0.09. It was highlighted that while the Rossi (2008) predictive model
may be applied to any structural section of non-linear material, the Cruise and Gardner (2008b)
model was developed solely for austenitic stainless steel structural sections. Also, Rossi’s (2008)
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predictive equation was considered too lengthy to implement in practical design calculations.
In order to overcome the shortcomings of these models, a power law material model, with new
strain measures, was proposed to predict the strength enhancement in cold-formed structural
sections. Statistical analyses were carried out to ensure that the current level of reliability of
the European design standards is maintained when the new predictive model is incorporated
in design. The new proposed model provides good predictions of the test data, is simple to use
in structural calculations and is applicable to any metallic structural sections. The research
outcomes presented in this chapter are published in Rossi et al. (2013).
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5 Ferritic Stainless Steel Structural
Elements
5.1 Introduction
The physical and mechanical characteristics of stainless steel such as high strength, stiffness
and ductility, weldability, durability, good fire resistance, and ready reuse and recycling make it
suitable for a range of architectural and structural applications. The austenitic EN 1.4301 and
EN 1.4401 grades, containing 17-18% chromium and 8-11% nickel, are most commonly used
in construction. Both grades have a minimum specified design strength (0.2% proof strength)
of 210-240 N/mm2 (EN 10088-4, 2009). The high nickel content of the austenitic grades pro-
vides a number of positive attributes, such as very good ductility and elevated temperature
performance, but the resulting high initial material cost is a significant disincentive for material
selection.
Ferritic stainless steels, having no or very low nickel content, may offer a more viable alterna-
tive for structural applications, because of their lower initial material cost and improved price
stability. The main alloying element is chromium, with contents typically between 11 and 18%
(EN 10088-4, 2009). These steels are easier to work and machine than the austenitic grades
and have a higher yield strength in the annealed condition of 250-330 N/mm2. Furthermore,
by varying the chromium content (10.5-29%), and with additions of other alloying elements,
the required corrosion resistance for a wide range of structural applications and operating en-
vironments can be achieved. Stabilised ferritic grades, with additions of titanium and niobium
alloying elements, such as EN 1.4509 and EN 1.4521, are broadly similar in terms of corrosion
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resistance to the EN 1.4301 and EN 1.4401 austenitic grades.
Ferritic stainless steels have found applications in the automotive industry, road and rail trans-
port, power generation, and mining, although their structural use has remained relatively scarce.
Despite some previous research (Van den Berg, 2000) and inclusion of the three traditional fer-
ritic grades, EN 1.4003 (similar to chromium weldable structural steel 3Cr12), EN 1.4016, and
EN 1.4512, in EN 1993-1-4 (2006), their structural performance requires further verification,
particularly for the case of hollow sections.
Hence, in this chapter the structural behaviour of this type of stainless steels is assessed through
a comprehensive laboratory testing program. A series of material tests, stub column tests, beam
tests and flexural buckling tests on grades EN 1.4003 and EN 1.4509 stainless steel square and
rectangular hollow sections (SHS and RHS, respectively) has been conducted. The experimental
results obtained are reported, compared with the results of tests performed on other stainless
steel grades and used to assess the applicability of the current European (EN 1993-1-4, 2006) and
North American (SEI/ASCE-8, 2002) provisions to ferritic stainless steel structural components.
5.2 Experimental investigation
5.2.1 Overview
A laboratory testing programme was conducted to investigate the structural performance of
cold-formed ferritic stainless steel tubular structural elements. To determine the material prop-
erties, a total of 20 tensile coupon tests, including both flat and corner specimens, and 16
compressive coupon tests were performed. At the cross-section level, 8 stub column tests and
8 in-plane bending tests, including three-point bending and four-point bending configurations,
were carried out. At member level, 15 column flexural buckling tests were conducted. Four
section sizes were examined, namely: RHS 120× 80× 3, RHS 60× 40× 3, SHS 80× 80× 3, and
SHS 60× 60× 3. The first three sections were of the standard EN 1.4003 grade, whereas SHS
60× 60× 3 was grade EN 1.4509, which has improved weldability and corrosion resistance.
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The chemical compositions and the tensile properties of the coil material from which the spec-
imens were formed, as provided by the mill certificates, are presented in Tables 5.1 and 5.2,
respectively. No chemical composition details were available for grade EN 1.4509 SHS 60×60×3
specimens. The notation used in Table 5.2 is as follows: σ0.2 is the 0.2% proof stress, σ1.0 is the
1.0% proof stress, σu is the ultimate tensile stress, and εf,mill is the tensile strain at fracture.
Table 5.1: Chemical composition of grade EN 1.4003 stainless steel specimens
Cross-section C Si Mn P S Cr Ni N
(%) (%) (%) (%) (%) (%) (%) (%)
RHS 120× 80× 3 0.005 0.50 1.44 0.029 0.002 11.3 0.4 0.01
RHS 60× 40× 3 0.010 0.37 1.46 0.029 0.003 11.2 0.5 0.01
SHS 80× 80× 3 0.010 0.25 1.43 0.028 0.003 11.3 0.4 0.01
Table 5.2: Mechanical properties as stated in the mill certificates
Cross-section Grade σ0.2,mill σ1.0,mill σu,mill εf,mill
(N/mm2) (N/mm2) (N/mm2) (%)
RHS 120× 80× 3 EN 1.4003 346 368 498 42
RHS 60× 40× 3 EN 1.4003 339 360 478 38
SHS 80× 80× 3 EN 1.4003 321 343 462 45
5.2.2 Material tests
A series of tensile and compressive coupon tests was conducted to determine the basic engineer-
ing stress-strain response of the SHS and RHS ferritic specimens. All material was extracted
from the same lengths of tube as the stub column, long column and beam specimens. One
tensile flat and one compressive flat coupon were machined from each of the four faces of the
SHS and RHS specimens in the longitudinal direction, resulting in a total of 16 tensile coupon
tests and 16 compressive coupon tests.
All tensile coupons were parallel necked specimens with a neck length of 150 mm and width of 20
mm, whereas the compressive coupons were of nominal dimensions 72× 16 mm. To investigate
the extra degree of strength in the cold-worked corner regions, tensile tests on corner coupons,
with nominal length of 320 mm, extracted from the curved portions of each of the cold-formed
sections, were also conducted.
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The tests were performed using an Instron 8802 250 kN hydraulic testing machine, in accor-
dance with EN ISO 6892-1 (2009). Strain control was used to drive the testing machine at a
strain rate of 0.002% strain/s up to the 0.2% proof stress and 0.005% strain/s until fracture
for the tensile coupon tests. A uniform displacement rate of 0.07 mm/min was used for the
compressive coupon tests. For the tensile coupon tests, an optical extensometer was used to
measure the longitudinal strain over a gauge length of 100 mm while two linear electrical resis-
tance strain gauges attached to the edges of the compressive coupons were used to measure the
strain. Static loads were obtained at key stages by holding the cross head of the testing machine
for a duration of 2 min to allow stress relaxation to take place. Buckling of the compressive
coupons was prevented by means of a bracing jig. Load, strain, and other relevant variables
were all recorded at 1s intervals using the fully integrated modular software package Blue-hill
2.
The obtained material data for each specimen are given in Table 5.3, whereas the weighted
average (based on face width) tensile and compressive material properties of each section are
given in Tables 5.4 and 5.5, respectively. The coupon designation begins with the section size,
e.g., SHS 80× 80× 3, followed by the test type, TF for tensile flat, CF for compressive flat, and
TC for tensile corner, and finally the section face number (1, 2, 3, or 4), as explained in Figure
5.1.
The material parameters reported in Tables 5.3 and 5.4 are the Young’s modulus E, the static
0.2% proof stress σ0.2, the static 1.0% proof stress σ1.0, the static ultimate tensile stress σu,
the plastic strain at fracture εpl,f (based on elongation over the standard gauge length equal
to 5.65
√
Ac, where Ac is the cross-sectional area of the coupon), and the strain hardening ex-
ponents n and n′0.2.1.0 used in the compound Ramberg-Osgood material model (Ramberg and
Osgood, 1943; Mirambell and Real, 2000; Ashraf et al., 2006). The early region of the stress-
strain curve that was affected by the initial curvature of the coupons was not considered for
the calculation of the Young’s modulus. The measured tensile stress-strain curves, up to 1.0%
tensile strain, are depicted in Figures 5.2 and 5.3.
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Table 5.3: Coupon test results for each specimen
Coupon reference E σ0.2 σ1.0 σu εpl,f R-O coefficients
(N/mm2) (N/mm2) (N/mm2) (N/mm2) (%) n n′0.2.1.0
RHS 120× 80× 3− TF1 210000 450 472 477 33 8.8 6.3
RHS 120× 80× 3− TF2 215000 385 405 443 40 8.0 2.3
RHS 120× 80× 3− TF3 218000 390 413 458 40 11.2 2.6
RHS 120× 80× 3− TF4 220000 510 -(1) 535 23 12.6 8.2
RHS 120× 80× 3− TC 226000 535 -(1) 554 13 6.0 -
RHS 120× 80× 3− CF1 213000 439 478 - - 5.6 2.4
RHS 120× 80× 3− CF2 215000 372 415 - - 6.9 4.1
RHS 120× 80× 3− CF3 210000 362 415 - - 5.2 3.2
RHS 120× 80× 3− CF4 205000 487 537 - - 5.3 2.5
RHS 60× 40× 3− TF1 220000 438 -(1) 460 18 8.0 8.2
RHS 60× 40× 3− TF2 225000 455 -(1) 481 28 9.4 9.8
RHS 60× 40× 3− TF3 210000 435 -(1) 440 32 7.3 9.9
RHS 60× 40× 3− TF4 225000 500 -(1) 542 21 6.4 8.9
RHS 60× 40× 3− TC 200000 545 -(1) 597 10 4.7 -
RHS 60× 40× 3− CF1 215000 423 465 - - 5.5 2.2
RHS 60× 40× 3− CF2 220000 425 495 - - 7.2 2.7
RHS 60× 40× 3− CF3 220000 400 454 - - 7.6 4.3
RHS 60× 40× 3− CF4 210000 429 486 - - 5.0 3.8
SHS 80× 80× 3− TF1 220000 435 -(1) 440 36 9.1 9.6
SHS 80× 80× 3− TF2 200000 425 435 447 36 10.1 6.2
SHS 80× 80× 3− TF3 210000 400 418 432 38 7.7 3.1
SHS 80× 80× 3− TF4 210000 465 -(1) 470 31 7.7 10.0
SHS 80× 80× 3− TC 220000 512 -(1) 520 11 7.8 -
SHS 80× 80× 3− CF1 215000 413 475 - - 7.4 2.4
SHS 80× 80× 3− CF2 210000 398 443 - - 5.1 2.5
SHS 80× 80× 3− CF3 215000 375 423 - - 7.4 2.7
SHS 80× 80× 3− CF4 205000 429 483 - - 5.4 2.7
SHS 60× 60× 3− TF1 220000 540 -(1) 560 14 7.2 10.4
SHS 60× 60× 3− TF2 220000 515 -(1) 524 20 8.6 9.9
SHS 60× 60× 3− TF3 223000 502 -(1) 513 19 8.0 10.3
SHS 60× 60× 3− TF4 210000 520 -(1) 538 13 7.4 12.5
SHS 60× 60× 3− TC 225000 580 -(1) 665 13 4.3 9.5
SHS 60× 60× 3− CF1 215000 492 542 - - 6.4 4.6
SHS 60× 60× 3− CF2 215500 465 509 - - 6.5 2.3
SHS 60× 60× 3− CF3 210000 478 524 - - 6.9 2.8
SHS 60× 60× 3− CF4 220000 497 550 - - 5.5 2.5
(1) ultimate tensile stress preceded the 1.0 % proof stress
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Table 5.4: Weighted average tensile flat material properties
Cross-section E σ0.2 σu εf R-O coefficients
(N/mm2) (N/mm2) (N/mm2) (%) n n′0.2.1.0
RHS 120× 80× 3 216000 423 472 34 10.2 4.9
RHS 60× 40× 3 219300 454 475 24 7.8 9.2
SHS 80× 80× 3 210000 431 447 35 8.7 7.2
SHS 60× 60× 3 218300 519 534 16 7.8 10.8
Table 5.5: Weighted average compressive flat material properties
Cross-section E σ0.2 σ1.0 R-O coefficients
(N/mm2) (N/mm2) (N/mm2) n n′0.2.1.0
RHS 120× 80× 3 211150 404 451 5.8 3.1
RHS 60× 40× 3 217200 417 475 6.4 3.3
SHS 80× 80× 3 211250 404 456 6.3 2.6
SHS 60× 60× 3 215130 483 531 6.3 3.1
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Figure 5.1: Location of flat and corner coupons and definition of cross-section symbols
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Figure 5.2: Measured tensile stress-strain curves
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Figure 5.3: Measured compressive stress-strain curves (up to approximately 2% strain)
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5.2.3 Stub column tests
A total of 8 stub columns, two repeated tests per section size, were tested in concentric axial
compression. Stub column lengths were selected to be short enough to avoid overall flexural
buckling but still long enough to provide a representative pattern of geometric imperfections
and residual stresses (Galambos, 1998). The chosen nominal lengths were equal to three times
the larger nominal cross-sectional dimension for the RHS 120× 80× 3, SHS 80× 80× 3, and
SHS 60× 60× 3 specimens. A shorter length, equal to two times the larger nominal cross-
sectional dimension, was used for RHS 60× 40× 3 specimens, as evidence of global buckling
was observed in the failure modes of longer specimens. The ends of the stub column speci-
mens were milled flat and square to ensure uniform loading distribution during testing. The
specimens were compressed between parallel platens in an Instron 3500 kN hydraulic testing
machine, using a displacement controlled test set-up.
The instrumentation consisted of one LVDT to measure the end shortening between the flat
platens, a load cell to accurately record the applied load, and four linear electrical resistance
strain gauges. The strain gauges were affixed to each specimen at mid height and at a distance
four times the material thickness from the corners. All data, including load, displacement,
strain, and voltage, were recorded at 1s intervals using the data acquisition equipment DATAS-
CAN and logged using the DSLOG computer package.
Accurate measurements of the geometric dimensions of each of the stub column specimens were
made and the average measured values are reported in Table 5.6, where L is the stub column
length, h is the section depth, b is the section width, t is the thickness, and ri is the average
internal corner radius as shown in Figure 5.1. Measurements of the initial local geometric im-
perfections were also made, over a representative 800 mm length of each section size, following
the procedures of Schafer and Peko¨z (1998b). The maximum deviations from a flat datum were
recorded for the four faces of each section and then averaged to give the imperfection magni-
tudes w0 reported in Table 5.6.
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All test specimens failed by local buckling of the flat elements comprising the section, and
is illustrated in Figure 5.4 for the case of RHS 120× 80× 3 and SHS 80× 80× 3 specimens.
The tests were continued beyond the ultimate load, and the post ultimate response was also
recorded. Full load-end shortening curves for the tested specimens are depicted in Figure 5.5
and 5.6 for the RHS and SHS specimens, respectively. Relevant guidelines provided by the
Centre for Advanced Structural Engineering (1990) were used to eliminate elastic deformation
of the end platens from the end shortening measurements. Hence, the true deformations of the
stub columns were determined and used throughout the analyses. The static ultimate load Nu
and the corresponding end shortening at ultimate load δu are provided in Table 5.7.
Table 5.6: Measured dimensions of the stub column specimens
Specimen reference L h b t ri w0 A
(mm) (mm) (mm) (mm) (mm) (mm) mm2
RHS 120× 80× 3− SC1 362.0 119.9 80.0 2.84 3.70 0.061 1077.9
RHS 120× 80× 3− SC2 362.2 120.0 80.0 2.83 3.90 0.061 1074.3
RHS 60× 40× 3− SC1 122.1 59.9 40.0 2.81 3.19 0.081 508.1
RHS 60× 40× 3− SC2 122.1 59.9 40.0 2.81 3.19 0.081 508.0
SHS 80× 80× 3− SC1 242.0 80.1 80.1 2.83 3.67 0.087 850.8
SHS 80× 80× 3− SC2 242.0 80.1 80.1 2.82 3.43 0.087 849.1
SHS 60× 60× 3− SC1 182.2 60.5 60.5 2.98 2.90 0.061 662.1
SHS 60× 60× 3− SC2 182.2 60.5 60.6 2.90 3.10 0.061 654.8
Table 5.7: Summary of test results for stub columns
Specimen reference Ultimate load End Shortening at ultimate load
Nu (kN) δu (mm)
RHS 120× 80× 3− SC1 449 1.16
RHS 120× 80× 3− SC2 441 1.19
RHS 60× 40× 3− SC1 278 2.18
RHS 60× 40× 3− SC2 271 2.12
SHS 80× 80× 3− SC1 392 1.42
SHS 80× 80× 3− SC2 389 1.49
SHS 60× 60× 3− SC1 376 1.92
SHS 60× 60× 3− SC2 370 1.94
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Figure 5.4: Typical stub column failure modes
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Figure 5.5: Load end-shortening curves for the RHS stub column specimens
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Figure 5.6: Load end-shortening curves for the SHS stub column specimens
5.2.4 Beam tests
A total of 8 in-plane bending tests, in two configurations, were conducted to investigate the
cross-section response of SHS and RHS ferritic stainless steel beams under constant moment
(four-point bending) and a moment gradient (three-point bending). All specimens had a total
length of 1700 mm and were simply supported between two steel rollers, which were placed
100 mm inward from the ends of the beams and allowed axial displacement of the beams ends,
resulting in a span of 1500 mm.
The tested beams were loaded symmetrically, in an Instron 2000 kN hydraulic testing machine,
at the third points and at mid-span for the four-point bending and the three-point bending
arrangements, respectively. The test set-up for the four-point bending and the three-point
bending tests are shown in Figures 5.7 and 5.8, respectively. String potentiometers were lo-
cated at the loading points to measure the vertical deflections, and for the three-point bending
tests, two inclinometers were also positioned at each end of the beam specimens to measure
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end rotations. Linear electrical resistance strain gauges were affixed to the extreme tensile and
compressive fibers of the section at mid-span and at 100 mm distance from the mid-span for
the four-point bending and for the three-point bending tests, respectively. Wooden blocks were
placed within the tubes at the loading points to prevent web crippling. The test set-up was
displacement controlled at a rate of 2 mm/min. Load, displacement, strain, end rotation, and
input voltage were all recorded using the data acquisition equipment DATASCAN and logged
using the DSLOG computer package.
Average measured dimensions of the beam specimens, together with the maximum local imper-
fections w0, are reported in Table 5.8. The static ultimate test bending moment Mu and the
cross-section rotation capacity R are reported in Table 5.9. The obtained moment-curvature
and mid-span moment-rotation curves from the four-point and three-point bending tests are
shown in Figures 5.9 and 5.10, respectively, where Mu is the ultimate test moment, Mpl is the
plastic moment capacity, θ is the mid-span rotation, taken as the sum of the two end rotations
from the inclinometer measurements, θpl is the elastic component of the rotation at Mpl, κ is
the curvature, and κpl is the elastic curvature corresponding to Mpl. The curvature was eval-
uated using Equation (5.1), where Dmid−span is the vertical deflection at mid-span, Daverage is
the average vertical displacement at the loading points, and Lmid−span is the length between the
loading points. Rotation capacity was calculated as R = (κu/κpl)− 1 and R = (θu/θpl)− 1 for
the four-point bending and three-point bending tests, respectively, where κu (θu) is the curva-
ture (rotation) at which the moment-curvature (moment-rotation) curve falls below Mpl on the
descending branch, and κpl (θpl) is the elastic curvature (rotation) corresponding to Mpl on the
ascending branch. All test specimens failed by local buckling of the compression flange.
κ =
8
(
Dmid−span −Daverage
)
4
(
Dmid−span −Daverage
)2
+ L2mid−span
(5.1)
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(a) Schematic diagram of the test set-up
(b) Experimental test set-up
Figure 5.7: Four-point bending test set-up
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(a) Schematic diagram of the test set-up
(b) Experimental test set-up
Figure 5.8: Three-point bending test set-up
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Table 5.8: Measured dimensions of the beam specimens
Specimen reference Axis of L h b t ri w0
bending (mm) (mm) (mm) (mm) (mm) (mm)
RHS 120× 80× 3− 4PB Major 1500 120.0 79.9 2.84 3.78 0.061
RHS 60× 40× 3− 4PB Major 1500 60.2 39.9 2.86 3.15 0.081
SHS 80× 80× 3− 4PB - 1500 80.4 80.0 2.80 3.95 0.087
SHS 60× 60× 3− 4PB - 1500 60.7 60.7 2.89 2.86 0.061
RHS 120× 80× 3− 3PB Major 1500 119.9 79.9 2.83 3.80 0.061
RHS 60× 40× 3− 3PB Major 1500 60.4 40.8 2.82 3.18 0.081
SHS 80× 80× 3− 3PB - 1500 80.5 80.2 2.81 3.81 0.087
SHS 60× 60× 3− 3PB - 1500 60.6 60.5 2.87 2.88 0.061
Table 5.9: Summary of test results for beams
Specimen reference Axis of Ultimate moment Rotation capacity
bending Mu (kNm) R
RHS 120× 80× 3− 4PB Major 20 1.45
RHS 60× 40× 3− 4PB Major 5.3 > 4.90
SHS 80× 80× 3− 4PB - 11.3 1.86
SHS 60× 60× 3− 4PB - 7.9 2.85
RHS 120× 80× 3− 3PB Major 21.1 1.3
RHS 60× 40× 3− 3PB Major 5.9 > 4.10
SHS 80× 80× 3− 3PB - 11.4 1.12
SHS 60× 60× 3− 3PB - 8.4 2.15
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Figure 5.9: Normalised moment-curvature results (four-point bending)
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Figure 5.10: Normalised moment-curvature results (three-point bending)
5.2.5 Flexural buckling tests
Column tests on ferritic stainless steel members, with the same nominal cross-sectional di-
mensions as examined for stub columns and beams, RHS 120× 80× 3, RHS 60× 40× 3, SHS
80× 80× 3, and SHS 60× 60× 3, were carried out to investigate the flexural buckling re-
sponse of SHS and RHS pin-ended compression members under axial loading. Different column
lengths of nominal dimensions 1.1, 1.6, 2.1, and 2.6 m were tested, providing a spectrum of non-
dimensional member slenderness λ¯, defined in accordance with EN 1993-1-4 (2006), Equation
(5.2), ranging from 0.31 to 2.33.
λ¯ =
√
Aσ0.2
Ncr
(5.2)
where A = cross-sectional area, taken as the gross cross-sectional area for fully effective sections
and the effective cross-sectional area Aeff for slender sections, σ0.2 = 0.2% proof stress and Ncr
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= elastic buckling load of the column.
Measurements of the geometries of the column specimens and the initial global geometric im-
perfections were conducted before testing and are provided in Table 5.10, where symbols are
as previously defined in Figure 5.1, and ω0 is the measured global imperfection amplitude in
the axis of buckling. The general test set-up configuration is depicted in Figure 5.11. The
specimens were loaded in an Instron 2000 kN hydraulic testing machine through hardened steel
knife edges at both ends to provide pinned end conditions about the axis of buckling and fixed
conditions about the orthogonal axis, as shown in Figure 5.11.
Table 5.10: Measured dimensions of the flexural buckling specimens
Specimen reference L h b t ri ω0 A
(mm) (mm) (mm) (mm) (mm) (mm) (mm2)
RHS 120× 80× 3− 1077 1077 120.0 79.9 2.87 3.88 0.95 1088.0
RHS 120× 80× 3− 1577 1577 120.0 79.9 2.81 3.57 0.96 1065.5
RHS 120× 80× 3− 2077 2077 120.0 79.8 2.78 4.10 1.05 1053.4
RHS 120× 80× 3− 2577 2577 119.7 79.8 2.73 3.90 1.10 1034.3
RHS 60× 40× 3− 1077 1177 59.9 39.9 2.79 3.21 1.12 504.3
RHS 60× 40× 3− 1577 1577 59.9 39.8 2.72 3.40 1.09 491.3
RHS 60× 40× 3− 2077 2077 59.9 39.9 2.79 3.21 1.05 503.5
RHS 60× 40× 3− 2577 2577 59.9 39.9 2.76 3.36 0.95 498.8
SHS 80× 80× 3− 1577 1577 80.1 80.0 2.79 3.59 1.15 838.2
SHS 80× 80× 3− 2077 2077 80.0 79.8 2.79 3.97 1.05 833.4
SHS 80× 80× 3− 2577 2577 80.1 79.8 2.78 3.48 1.05 833.2
SHS 60× 60× 3− 1177 1177 60.4 60.4 2.85 2.90 1.25 634.9
SHS 60× 60× 3− 1577 1577 60.6 60.5 2.82 2.93 1.15 629.6
SHS 60× 60× 3− 2077 2077 60.5 60.4 2.86 3.02 1.10 637.3
SHS 60× 60× 3− 2577 2577 60.6 60.6 2.91 3.09 1.15 647.8
Displacement control was used to drive the hydraulic machine at a constant rate of 0.5 mm/min.
For column specimens where the measured global imperfection was less than L/1500, where L
is the pin-ended column buckling length (taken as the total distance between the steel knife
edges), an eccentricity of loading was applied such that the combined effects of the measured
imperfection and the loading eccentricity was equal to L/1500. For other tests, the load was
applied concentrically because the measured global imperfections were greater than L/1500.
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(a) Schematic diagram of the test set-up
(b) Experimental set-up
(c) Steel knife-edge arrangement
Figure 5.11: Flexural buckling test set-up
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The instrumentation consisted of a string potentiometer to measure the mid-height lateral de-
flection in the axis of buckling, inclinometers positioned at each end of the members to measure
the end rotations about the axis of buckling, and four linear electrical resistance strain gauges
affixed to the extreme tensile and compressive fibres of the section at mid-height and at a dis-
tance of four times the material thickness from the corners.
Applied load and vertical displacement were obtained directly from the loading machine. Load,
strain, lateral and vertical displacements, end rotations, and input voltage were all recorded
using the data acquisition equipment DATASCAN and logged using the DSLOG computer
package. All data were recorded at 1s intervals. The failure modes of the columns involved
overall flexural buckling and combined local and overall buckling. The full load-lateral displace-
ment curves were recorded and are shown in Figures 5.12-5.15. Key results from the tests,
including the static ultimate load Nu and the lateral displacement at ultimate load ωu, are
reported in Table 5.11.
Table 5.11: Summary of results from column flexural buckling tests
Specimen reference Axis of Nu ωu
buckling (kN) (mm)
RHS 120× 80× 3− 1077 Major 463 0.77
RHS 120× 80× 3− 1577 Major 382 9.36
RHS 120× 80× 3− 2077 Major 391 7.87
RHS 120× 80× 3− 2577 Major 308 18.27
RHS 60× 40× 3− 1077 Minor 103 12.72
RHS 60× 40× 3− 1577 Minor 72 19.62
RHS 60× 40× 3− 2077 Minor 51 8.78
RHS 60× 40× 3− 2577 Minor 30 30.50
SHS 80× 80× 3− 1577 - 273 7.75
SHS 80× 80× 3− 2077 - 222 10.39
SHS 80× 80× 3− 2577 - 164 18.03
SHS 60× 60× 3− 1177 - 214 10.82
SHS 60× 60× 3− 1577 - 166 15.64
SHS 60× 60× 3− 2077 - 116 23.95
SHS 60× 60× 3− 2577 - 82 24.82
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Figure 5.12: RHS 120× 80× 3 load-lateral displacement curves
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Figure 5.13: RHS 60× 40× 3 load-lateral displacement curves
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Figure 5.14: SHS 80× 80× 3 load-lateral displacement curves
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Figure 5.15: SHS 60× 60× 3 load-lateral displacement curves
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Figures 5.16 and 5.17 show the load versus lateral deflection response of the 2077 mm and 2577
mm SHS 80× 80× 3 pin-ended columns. The elastic buckling load Ncr, given by Equation
(5.3), and the plastic yield load Ny, given by Equation (5.4), have also been depicted.
Ncr =
pi2EI
L2cr
(5.3)
Ny = Aσ0.2 (5.4)
where E is Young’s modulus, I is second moment of area about the relevant buckling axis, Lcr
is the buckling length (taken as L in the axis of buckling and 0.5L in the orthogonal direction),
A is the gross cross-sectional area and σ0.2 is the 0.2% proof stress.
In addition, the results of a second order elastic analysis and a rigid plastic analysis have also
been shown. The load deflection relationship resulting from the second order elastic analysis
is based on the assumption that the unloaded column has an initial sinusoidal curvature with
maximum amplitude ω0. The lateral deflection arising under increased loading N is given by
Equation (5.5).
ω =
(
N/Ncr
1− (N/Ncr)
)
ω0 (5.5)
The maximum amplitude ω0 of the initial curvature was chosen to achieve the best represen-
tation of the test response. The required ω0 value for the 2077 mm specimen was found to be
approximately L/1500, which was similar to the test total imperfection, while for the 2577 mm
column, a value of approximately L/1000 was deemed suitable, suggesting the presence of a
slightly larger imperfection (geometric or residual stresses) for this test specimen. The second-
order rigid plastic boundary was derived from the analysis of a concentrically loaded pin-ended
column - see Figure 5.18. If the axial load N is increased sufficiently beyond the point at which
plasticity begins, a plastic hinge can develop at the column mid-height. The axial load N that
can be sustained under increased lateral deflection may be determined by examining the stress
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distribution across the plastic hinge as illustrated in Figure 5.19, where the axial load N is
resisted by the compressive region (Zone B) and the second order moment M = Nω, due to the
lateral deflection ω, is resisted by the two outer regions (Zones A and C) which provide equal
compressive and tensile forces that constitute the couple at the plastic hinge. As illustrated in
Figures 5.16 and 5.17, the general test response may be characterised by envelopes that these
two second-order models create. For small displacements, the test follows the elastic curve
Equation 5.5 until the onset of yielding, beyond which the response merges towards the plastic
hinge model. The gradual yielding nature of stainless steel renders the described approach ap-
proximate, since it assumes elastic and rigid plastic responses for the two boundaries.
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Figure 5.16: SHS 80× 80× 3− 2077 mm load-lateral displacement curves
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Figure 5.17: SHS 80× 80× 3− 2577 mm load-lateral displacement curves
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Figure 5.19: Plastic stress distribution model
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5.3 Analysis of results and design recommendations
In this section, the experimental results are used to assess the applicability of the current
European (EN 1993-1-4, 2006) and North American (SEI/ASCE-8, 2002) provisions to ferritic
stainless steel structural components. In addition, the relative structural performance of ferritic
stainless steel to that of more commonly used stainless steel grades is also presented.
5.3.1 Cross-section classification
In the European structural stainless steel design standard EN 1993-1-4 (2006), the concept of
cross-section classification is used for the treatment of local buckling. The method assumes
elastic, perfectly plastic material behaviour for stainless steel as for carbon steel in EN 1993-
1-1 (2005), with the yield stress taken as the 0.2% proof stress. The classification of plate
elements in cross-sections is based on the width-to-thickness ratio (b/t), the material proper-
ties [(235/σy)(E/210000)]
0.5, the edge support conditions (i.e., internal or outstand elements,
referred to as stiffened and unstiffened, respectively, in the North American specification), and
the form of the applied stress field. The overall cross-section classification is assumed to relate
to its most slender constituent element.
The definition of the four classes used in EN 1993-1-4 (2006) is as follows: Class 1 cross-sections
are fully effective under pure compression and capable of reaching and maintaining their full
plastic moment Mpl in bending; Class 2 cross-sections have a somewhat lower deformation ca-
pacity but are also fully effective in pure compression and capable of reaching their full plastic
moment in bending; Class 3 cross-sections are fully effective in pure compression but local buck-
ling prevents attainment of the full plastic moment in bending, limiting its bending resistance
to the elastic moment Mel; and Class 4 cross-sections are characterised as slender and cannot
reach their nominal yield strength in compression or their elastic moment capacity in bending;
to reflect this, regions of the sections rendered ineffective by local buckling are removed, and
section properties are calculated on the basis of the remaining cross-section.
The North American SEI/ASCE-8 (2002) specification for the design of cold-formed stainless
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steel structures uses a similar approach for cross-sections in compression and calculates the
moment capacity either on the basis of initiation of yielding (Procedure I) or on the basis of
the inelastic reserve capacity (Procedure II). Procedure I assumes a linear stress distribution
throughout the cross-section with the yield stress being the maximum allowable stress. A max-
imum slenderness limit, equivalent to the EN 1993-1-4 (2006) Class 3 limit, is provided, beyond
which loss of effectiveness caused by local buckling needs to be accounted for through the use
of effective section properties. The additional inelastic reserve capacity associated with stockier
cross-sections, up to a maximum slenderness limit equivalent to the EN 1993-1-4 (2006) Class 1
limit, may be used through the application of the Procedure II design method, provided certain
criteria regarding web slenderness, cross-section geometry, shear stresses, and the elimination
of other possible failure modes are satisfied.
The experimental results obtained were used to assess the suitability of these cross-section clas-
sification limits for ferritic stainless steel internal elements. In addition, the proposed limits
of Gardner and Theofanous (2008), which are derived and statistically validated based on all
the then available relevant published test data on stainless steel, were also considered. The
measured weighted average material properties from the flat tensile coupon tests for each cross-
section were used throughout the analyses.
Both the stub column tests results and the bending tests results have been used to assess the suit-
ability of the Class 3 slenderness limit for internal elements in compression. Figures 5.20 and 5.21
show the relevant response characteristics (Nu/Aσ0.2 and Mu/Mel), where Nu and Mu are the ul-
timate test load and moment, respectively, and Mel is the conventional elastic moment capacity,
given as the product of the elastic section modulus and the yield strength, plotted against the
slenderness parameter c/tε of the most slender constituent element in the cross-section, where
c is the compressed flat width, t is the element thickness, and ε = [(235/σy)(E/210000)]
0.5, as
defined in EN 1993-1-4 (2006). In determining the most slender element, an account of the
stress distribution and element support conditions has been made through the plate buckling
factor kσ, as defined in EN 1993-1-5 (2006).
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The Class 3 limit specified in EN 1993-1-4 (2006) is 30.7, whereas the equivalent Class 3 limit
of the SEI/ASCE-8 (2002) is 38.2. The Class 3 slenderness limit proposed by Gardner and
Theofanous (2008) is 37, which is very close to the slenderness limit of 38.3 from SEI/ASCE-8
(2002). From Figures 5.20 and 5.21, it may be concluded that the current Class 3 limit given in
EN 1993-1-4 (2006) is applicable to ferritic stainless steel internal elements under compression
but is rather conservative, whereas the SEI/ASCE-8 (2002) limit and the proposed limit of
Gardner and Theofanous (2008) allow more efficient exploitation of the material.
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Figure 5.20: Assessment of Class 3 slenderness limits for internal elements in compression (stub
column tests)
The Class 2 slenderness limits specified in EN 1993-1-4 (2006) and proposed by Gardner and
Theofanous (2008), together with the bending test results, are shown in Figure 5.22, where
the test ultimate moment capacity Mu has been normalised by the plastic moment capacity
Mpl, given as the product of the plastic section modulus and the yield strength and plotted
against the slenderness parameter c/tε of the most slender constituent element in the cross-
section. In Figure 5.23, the rotation capacity R is plotted against the slenderness parameter
c/tε of the most slender constituent element in the cross-section. In the absence of a codified
deformation capacity requirement for Class 1 stainless steel cross-sections, the equivalent carbon
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Figure 5.21: Assessment of Class 3 slenderness limits for internal elements in compression (bend-
ing tests)
steel rotation capacity requirement of R=3 (Sedlacek and Feldmann, 1995) has been used herein.
From Figure 5.22, the EN 1993-1-4 (2006) Class 2 limit of 26.7 may be seen to be safe, whereas
the proposed limit of 35 (Gardner and Theofanous, 2008) provides more economical structural
design. The SEI/ASCE-8 (2002) equivalent Class 1 limit of 33, which is the same as the cor-
responding limit proposed by Gardner and Theofanous (2008), appears optimistic for ferritic
stainless steel, and the EN 1993-1-4 (2006) limit of 25.7 may be adopted.
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5.3.2 Flexural buckling
The EN 1993-1-4 (2006) design approach for flexural buckling of compression members is based
on the Perry-Robertson buckling formulation with a linear imperfection parameter η = α(λ¯−λ¯0),
where α and λ¯0 are constants accounting for the geometric imperfections and residual stresses
effects on the column strength. The design buckling curves were derived by calibration against
the then available stainless steel test data to provide a suitably conservative fit for design pur-
poses. A single buckling curve is provided for cold-formed open and rolled tubular sections
of austenitic, duplex, and ferritic stainless steel grades. For simplicity, to avoid the need for
iteration and for consistency with the carbon steel approach, no explicit allowance is made for
the effect of gradual material yielding in the member buckling formulations. In contrast, the
SEI/ASCE-8 (2002) provisions for stainless steel column design allow for the non-linear stress-
strain response through the use of the tangent modulus Et, corresponding to the buckling stress,
in place of the initial modulus E in the buckling formulations, which involves an iterative design
approach.
In addition to the iterative method from the SEI/ASCE-8 (2002) specification, an alternative
explicit design procedure is also provided in the AS/NZS 4673 (2001) standard for cold-formed
stainless steel structures. The method is essentially the same as the EN 1993-1-4 (2006) for-
mulation for flexural buckling of compression members, except that a non-linear expression is
used for the imperfection parameter instead of the linear expression adopted in EN 1993-1-4
(2006). In addition, a total of six buckling curves are provided for different stainless steel grades:
austenitic (EN 1.4301, 1.4401, 1.4306 and 1.4404), ferritic (EN 1.4512, 1.4003 and 1.4016), and
duplex (EN 1.4462). The results of the ferritic stainless steel column flexural buckling tests per-
formed herein were examined and compared with the current column design provisions adopted
in the European, North American, and Australian/New Zealand standards.
In Figure 5.24, the test ultimate loads normalised by the corresponding tensile and compressive
squash loads, based on the gross cross-sectional area for fully effective sections and the effective
cross-sectional area Aeff for slender sections, have been plotted against the non-dimensional
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slenderness λ¯ as defined in Equation (5.2). Stub column test data are also included. The
SEI/ASCE-8 (2002) buckling curves, based on the mean measured tensile and compressive flat
weighted average material properties of the tested sections, together with the EN 1993-1-4
(2006) buckling curve for cold-formed hollow sections, with the imperfection factor α = 0.49
and λ¯0 = 0.4 as specified in EN 1993-1-4 (2006), are also depicted. The AS/NZS 4673 (2001)
buckling curve for grade EN 1.4003 is also included. To allow suitable comparison with the test
data, measured geometry and material properties are adopted, and all codified factors of safety
are set to unity.
As shown in Figure 5.24, the SEI/ASCE-8 (2002) curves are the highest over most of the slen-
derness range and generally over predict the test results. The AS/NZS 4673 (2001) curve is
below the EN 1993-1-4 (2006) buckling curve in the low and intermediate slenderness ranges,
with both curves meeting at a slenderness value of approximately 1.2 and converging toward
the elastic buckling curve at higher slenderness. Overall, the EN 1993-1-4 (2006) buckling curve
provides a better representation of the member buckling resistance over the full slenderness
range, though a number of data points fall below the curve. Alternative buckling curves, with
either a higher imperfection factor and the current plateau length (α = 0.76 and λ¯0 = 0.4) or
a shorter plateau and the current imperfection factor (α = 0.49 and λ¯0 = 0.2) provide a better
approximation to the test results.
5.3.3 Comparison with other stainless steel grades
Test data collected from the literature (Rasmussen and Hancock 1993a,b; Talja and Salmi 1995;
Kuwamura 2003; Liu and Young 2003; Young and Liu 2003; Gardner and Nethercot 2004a,b;
Real and Mirambell 2005; Young and Lui 2005; Zhou and Young 2005; Gardner et al. 2006;
Young and Lui 2006; Theofanous and Gardner 2009, 2010; Gardner and Theofanous 2010; Ala-
Outinen and Oksanen 1997) on austenitic, duplex, and lean duplex stainless steel SHS and
RHS specimens were used to compare with the test results generated herein and to assess the
relative performance of various stainless steel grades. In Figure 5.25, the reported ultimate
load capacity from stub column tests have been normalised by the respective cross-sectional
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Figure 5.24: Flexural buckling test results and code comparisons
area and plotted against the c/t ratio of the most slender element in the section. The bending
tests results reported herein were also compared with tests on other stainless steel grades as
shown in Figure 5.26, where the ultimate moment capacity normalised by the respective plastic
section modulus is plotted against the c/t ratio of the compression flange of the cross-section.
The collected column flexural buckling data are presented in Figure 5.27, where the member
slenderness is calculated based on the geometric properties of the gross cross-sections. The ex-
perimental data presented in Figures 5.25-5.27 exhibit the general anticipated trend of reducing
failure stress with increasing slenderness. The vertical scatter for a given slenderness reflects
the variation in material strength between the tested specimens. Overall, of the grades consid-
ered, lean duplex specimens generally show the highest failure stress, which is in line with the
high yield strength associated with this material, whereas the results of the other grades overlap.
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128
Ferritic Stainless Steel Structural Elements
0
100
200
300
400
500
600
700
800
900
0 20 40 60 80 100 120 140 160 180
N
u 
/ A
Lcr/i
Austenitic
Duplex
Lean duplex
Ferritic
Figure 5.27: Performance of columns of various stainless steel grades
5.4 Concluding remarks
A laboratory testing program was conducted to investigate the structural performance of cold-
formed ferritic stainless steel tubular structural elements. 8 stub column tests, 15 flexural
buckling tests, 8 beam tests and a total of 36 material tests were carried out. The experimental
results were used to assess the applicability of the European (EN 1993-1-4, 2006) and North
American (SEI/ASCE-8, 2002) provisions to ferritic stainless steel structural components. It
was concluded that the current Class 3 slenderness limits provided in EN 1993-1-4 (2006) is
applicable to ferritic stainless steel internal elements under compression, while the SEI/ASCE-8
(2002) equivalent limit and the proposed limit of Gardner and Theofanous (2008) allow greater
design efficiency. Similarly, the EN 1993-1-4 (2006) Class 2 limit was considered to be safe
whereas the more relaxed limit of Gardner and Theofanous (2008) provides more economical
structural design. The SEI/ASCE-8 (2002) equivalent Class 1 limit and that proposed by Gard-
ner and Theofanous (2008) appeared to be optimistic for ferritic stainless steel; hence, the EN
1993-1-4 (2006) limit was recommended. It was concluded that although the EN 1993-1-4 (2006)
column buckling curve provides a better representation of the member buckling resistance over
the full slenderness range, proposed modified versions provide a better approximation to the
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buckling resistance exhibited by the test specimens. The laboratory test results on ferritic
stainless steel were also compared with test results on austenitic, duplex and lean duplex stain-
less steel SHS and RHS specimens collected from the literature. Overall, ferritic stainless steel
shows similar structural performance to other commonly used stainless steel grades and at a
lower material cost, making it an attractive choice for structural applications. The description
of the experimental programme, analysis of the results and proposed design recommendations
based on the research presented in this chapter are published in Afshan and Gardner (2013b).
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6 Ferritic Stainless Steel Columns in Fire
6.1 Introduction
The inherent corrosion resistance and elevated temperature strength retention of stainless steels
lend themselves into applications in buildings and structures where fire resistance is important.
Recent studies on the structural fire performance of stainless steels have mainly focused on the
austenitic and duplex grades (Ala-Outinen, 2007; Gardner and Baddoo, 2006; Ng and Gardner,
2007; Chen and Young, 2006). This chapter examines the fire resistance of ferritic stainless
steels, focusing on the elevated temperature stress-strain material response and the buckling
behaviour of ferritic stainless steel compression members.
The results of isothermal and anisothermal material tensile coupon tests on a total of five ferritic
stainless steel grades, EN 1.4003, 1.4509, 1.4016, 1.4521 and 1.4621, reported in Manninen and
Sa¨yna¨ja¨kangas (2012) and anisothermal material tensile coupon test data on grade EN 1.4003
reported in Zhao (2000) were used to determine strength and stiffness reduction factors for
ferritic stainless steels at elevated temperatures.
To study the buckling behaviour of ferritic stainless steel columns in fire, finite element mod-
els were developed and validated against existing test results. A total of 9 austenitic and 3
ferritic stainless steel columns tested in Ala-Outinen and Oksanen (1997) and Rossi (2012),
respectively were replicated numerically using the finite element analysis package ABAQUS.
Parametric studies were performed to investigate the effects of variation of load level, cross-
section slenderness and member slenderness on the elevated temperature buckling response of
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ferritic stainless steel columns, and to extend the range of structural performance data. Both
the experimental and numerical parametric study results were compared with the current de-
sign rules in EN 1993-1-2 (2005) and recent proposed modifications thereof by Ng and Gardner
(2007), Uppfeldt et al. (2008) and Lopes et al. (2010) - and the Euro-Inox/SCI Design Manual
for Stainless Steel (2006), leading to the development of suitable recommendations for the fire
design of ferritic stainless steel columns.
6.2 Material properties at elevated temperature
6.2.1 Testing techniques
Elevated temperature material properties may be derived using both isothermal and anisother-
mal testing techniques. Isothermal elevated temperature tests involve heating the specimen to
a certain temperature, which is then held constant, followed by incremental loading until fail-
ure. Stress-strain relationships at different temperatures are obtained. In anisothermal elevated
temperature tests, the specimen is first loaded to a specified stress level, and the temperature
is then increased progressively until failure.
Anisothermal tests are influenced by creep effects especially at high temperatures, above about
400 ◦C. As a result, lower reduction factors are obtained from anisothermal tests than isother-
mal tests. Gardner et al. (2010b) analysed isothermal and anisothermal test results reported
in the literature and concluded that the disparity in the predictions from the two testing tech-
niques becomes less significant at high strains. Both the test strain rate, for isothermal tests,
and the rate of temperature increase, for anisothermal tests, influence the results of elevated
temperature material tests (Knobloch et al., 2013). Hence, for derived strength retention factors
to be representative, the rate of testing should approximate the rate of strain development and
temperature increase in steelwork under fire (Knobloch et al., 2013). In general, anisothermal
tests are considered to be more representative of a real fire situation.
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6.2.2 Material modelling
Accurate material modelling at elevated temperature is essential in obtaining a detailed insight
into the response of stainless steel structures under fire conditions. Guidelines on stainless steel
material properties at elevated temperature, including strength and stiffness reduction factors
and description of the stress-strain response, are provided in EN 1993-1-2 (2005), Chen and
Young (2006) and Gardner et al. (2010b). A review of these material modelling techniques is
provided in this section.
6.2.2.1 EN 1993-1-2 (2005) model for stainless steel
Annex C of EN 1993-1-2 (2005) provides a non-linear two stage material model, as given in
Equations (6.1) and (6.2) to describe the stress-strain response of stainless steel at elevated
temperatures.
σθ =
Eεθ
1 + aεbθ
for εθ ≤ εc,θ (6.1)
σθ = σ0.2,θ − e+ (d/c)
√
c2 − (εu,θ − εθ)2 for εc,θ < εθ ≤ εu,θ (6.2)
where, σθ and εθ are the engineering stress and strain at temperature θ, respectively, E is the
Young’s modulus at room temperature, σ0.2,θ is the 0.2% proof stress at temperature θ, εc,θ
is the total strain at the 0.2% proof stress at temperature θ, εu,θ is the strain at the ultimate
tensile stress at temperature θ and coefficients a, b, c and d are defined in terms of the elevated
temperature properties provided in EN 1993-1-2 (2005).
6.2.2.2 Chen and Young (2006) model
Chen and Young (2006) proposed an alternative approach for modelling the stress-strain re-
sponse of stainless steel at elevated temperature. The model is based on the compound Ramberg-
Osgood material model proposed by Mirambell and Real (2000) and Rasmussen (2003) as de-
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scribed in Equations (6.3) and (6.4), recalibrated for elevated temperatures.
εθ =
σθ
Eθ
+ 0.002
(
σθ
σ0.2,θ
)nθ
for σθ ≤ σ0.2,θ (6.3)
εθ =
σθ − σ0.2,θ
E0.2,θ
+ εu,θ
(
σθ − σ0.2,θ
σu,θ − σ0.2,θ
)mθ
+ εt0.2,θ for σθ > σ0.2,θ (6.4)
where, σθ and εθ are the engineering stress and strain at elevated temperature θ, respectively,
Eθ is the Young’s modulus at temperature θ, σ0.2,θ is the 0.2% proof stress at temperature θ,
E0.2,θ is the tangent modulus at the 0.2% proof stress at temperature θ, σu,θ is the ultimate
tensile stress at temperature θ, εu,θ is the strain at the ultimate tensile stress at temperature
θ, εt0.2,θ is the total strain at the 0.2% proof stress at temperature θ and nθ and mθ are the
elevated temperature model coefficients.
6.2.2.3 Gardner et al. (2010b) model
The compound Ramberg-Osgood model proposed by Gardner and Nethercot (2004a) and pre-
sented in its final form by Ashraf et al. (2006) was modified for elevated temperature by Gardner
et al. (2010b). The proposed model utilises the material strength parameters employed for fire
design in EN 1993-1-2 (2005), namely the elevated temperature 0.2% proof stress σ0.2,θ and the
stress at 2% total strain σ2,θ as the points through which the Ramberg-Osgood model passes
and is given by Equations (6.5) and (6.6).
εθ =
σθ
Eθ
+ 0.002
(
σθ
σ0.2,θ
)nθ
for σθ ≤ σ0.2,θ (6.5)
εθ =
σθ − σ0.2,θ
E0.2,θ
+
(
0.02− εt0.2,θ − σ2,θ − σ0.2,θ
E0.2,θ
)(
σθ − σ0.2,θ
σ2,θ − σ0.2,θ
)n′θ
+ εt0.2,θ for σ0.2,θ < σθ ≤ σu,θ
(6.6)
where the symbols are as previously defined. Values for the model coefficients nθ and n
′
θ were
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also provided for the different stainless steel grades studied.
6.2.3 Ferritic stainless steel material properties
6.2.3.1 Introduction
Elevated temperature material properties are typically expressed as a portion of the corre-
sponding room temperature properties. This leads to the use of strength and stiffness reduction
factors for key parameters i.e. the elevated temperature 0.2% proof stress σ0.2,θ, ultimate ten-
sile stress σu,θ, Young’s modulus Eθ and the parameter used for determining the strength at
2% total strain, g2,θ. The Young’s modulus reduction factor kE,θ is defined as the elevated
temperature Young’s modulus Eθ, normalised by the Young’s modulus at room temperature
E, as given by Equation (6.7). The strength reduction factor k0.2,θ is defined as the elevated
temperature 0.2% proof stress σ0.2,θ, normalised by the room temperature 0.2% proof strength
σ0.2, as given by Equation (6.8). The ultimate tensile strength reduction factor ku,θ is defined
as the elevated temperature ultimate tensile stress σu,θ, normalised by the room temperature
ultimate tensile stress σu, as given by Equation (6.9). The material strength at 2% total strain
σ2,θ is determined in EN 1993-1-2 (2005) by a different approach, as described by Equation
(6.10).
kE,θ =
Eθ
E
(6.7)
k0.2,θ =
σ0.2,θ
σ0.2
(6.8)
ku,θ =
σu,θ
σu
(6.9)
σ2,θ = σ0.2,θ + g2,θ(σu,θ − σ0.2,θ) (6.10)
In this section, elevated temperature material test results on ferritic stainless steel are anal-
ysed in order to obtain accurate values for the strength reduction factors (k0.2,θ and ku,θ), the
g2,θ factor used to determine the elevated temperature strength at 2% total strain - see Equa-
tion (6.10) and the stiffness reduction factor (kE,θ). The results of isothermal and anisother-
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mal tensile coupon tests on ferritic stainless steel sheet material reported in Manninen and
Sa¨yna¨ja¨kangas (2012) and Zhao (2000) were used. Anisothermal tensile coupon tests on fer-
ritic stainless steel grades EN 1.4509 and 1.4521 in addition to a series of isothermal tests on
ferritic stainless steel grades EN 1.4003, 1.4016, 1.4509, 1.4521 and 1.4621 were reported in
Manninen and Sa¨yna¨ja¨kangas (2012). The tested materials were from three different producers,
labelled (1), (2) and (3). The results of anisothermal tests on grade EN 1.4003 stainless steel
reported in Zhao (2000) were also used. Young’s modulus reduction factors were derived based
on the isothermal test results whereas a combination of both the isothermal test results and the
anisothermal test results were used for all other reduction factors.
6.2.3.2 Elevated temperature Young’s modulus
Test data providing Young’s modulus reduction factors kE,θ are shown in Figure 6.1. Owing
to the difficulties associated with determining accurate Young’s modulus values at both room
temperature and elevated temperatures, a common single set of reduction factors has been used
for all ferritic stainless steel grades. The mean fit line through the data points is also shown
along with the proposed reduction factor curve, which is a smoothed version of the mean fit line.
EN 1993-1-2 (2005) provides a single set of reduction factors for Young’s modulus at elevated
temperatures for all stainless steel grades, which is also added to Figure 6.1 along with the EN
1993-1-2 (2005) values for carbon steel, for comparison purposes.
6.2.3.3 Elevated temperature 0.2% proof stress, ultimate tensile stress and stress
at 2.0% total strain
The 0.2% proof stress reduction factor test results k0.2,θ for all ferritic stainless steel grades
under consideration are shown in Figure 6.2. Similar results for the ultimate tensile stress re-
duction factor ku,θ are shown in Figure 6.3. From examining all the test results, it was observed
that ferritic stainless steel grades may be divided into two groups on the basis of their similar
elevated temperature properties, as illustrated in Figures 6.2 and 6.3 for the 0.2% proof stress
and the ultimate tensile stress reduction factors.
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Figure 6.1: Proposed Young’s modulus reduction factors for all ferritic stainless steel grades
Ferritic stainless steel grades EN 1.4509, 1.4521 and 1.4621, referred to as group I, have simi-
lar elevated temperature properties and at higher temperatures, exceeding 550 ◦C, are superior
to the EN 1.4003 and 1.4016 grades, referred to as group II. At higher temperatures, above
600 ◦C, the stress-strain response of ferritic stainless steels becomes almost elastic, perfectly
plastic. This results in high values for the g2,θ parameter used for calculating the stress at 2%
total strain. In order to ensure that the stress at 2% total strain values are safe for design, the
g2,θ parameter has been set to 0.5 for temperatures above 600
◦C. This effectively limits the
stress at 2% total strain to the mean of the 0.2% proof stress and the ultimate tensile stress.
Figures 6.4-6.6 show the test results for the k0.2,θ, ku,θ and g2,θ, respectively for group I. Figures
6.7-6.9 show the test results for the k0.2,θ, ku,θ and g2,θ, respectively for group II. In each case,
the mean fit line through the data points and the final proposed curve which is a smoothed
version of the mean fit line is also provided. A summary of the proposed values is provided in
Tables 6.1 and 6.2.
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Figure 6.2: Comparison of the k0.2,θ reduction factor for tested ferritic stainless steel grades
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Figure 6.3: Comparison of the ku,θ reduction factor for tested ferritic stainless steel grades
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Figure 6.4: Proposed 0.2% proof stress reduction factors for group I grades
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Figure 6.5: Proposed ultimate tensile stress reduction factors for group I grades
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Figure 6.6: Proposed g2,θ factors for group I grades
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Figure 6.7: Proposed 0.2% proof stress reduction factors for group II grades
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Figure 6.8: Proposed ultimate tensile stress reduction factors for group II grades
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Figure 6.9: Proposed g2,θ factors for group II grades
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Table 6.1: Proposed reduction factors for group I ferritic stainless steel grades (EN 1.4509,
1.4521 and 1.4621)
Temperature (◦C) kE,θ k0.2,θ ku,θ g2,θ
20 1.00 1.00 1.00 0.30
100 0.98 0.88 0.93 0.31
200 0.95 0.83 0.91 0.35
300 0.92 0.78 0.88 0.32
400 0.86 0.73 0.82 0.40
500 0.81 0.66 0.78 0.47
600 0.75 0.53 0.64 0.50
700 0.54 0.39 0.41 0.50
800 0.33 0.10 0.11 0.50
900 0.21 0.04 0.03 0.50
1000 0.09 0.02 0.01 0.50
Table 6.2: Proposed reduction factors for group II ferritic stainless steel grades (EN 1.4003 and
1.4016)
Temperature (◦C) kE,θ k0.2,θ ku,θ g2,θ
20 1.00 1.00 1.00 0.31
100 0.98 0.93 0.93 0.33
200 0.95 0.91 0.89 0.35
300 0.92 0.89 0.87 0.30
400 0.86 0.87 0.84 0.43
500 0.81 0.75 0.82 0.46
600 0.75 0.43 0.33 0.50
700 0.54 0.16 0.13 0.50
800 0.33 0.10 0.09 0.50
900 0.21 0.06 0.07 0.50
1000 0.09 0.04 0.05 0.50
6.3 Numerical modelling
The aim of this section is to develop and validate numerical models, using the finite element
analysis package ABAQUS Version 6.10-1 (2010), for predicting the resistance of ferritic stain-
less steel columns in fire. Fire test results on austenitic and ferritic stainless steel columns from
the literature are used to validate the FE models. The development of the numerical models is
explained in detail. Parametric studies to assess the effect of variation in cross-section slender-
ness, applied load level and member slenderness are also described.
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6.3.1 Test results from the literature
The results of the fire tests on three grade EN 1.4003 columns reported by Rossi (2012), com-
bined with a series of column fire test results on austenitic EN 1.4301 stainless steel columns
reported by Ala-Outinen and Oksanen (1997) and Gardner and Baddoo (2006) were used for
the validation of the finite element models. A summary of these tests, including nominal section
size, boundary conditions, applied loads and critical temperature, is provided in Tables 6.3-6.5.
All column buckling tests were performed on square hollow section (SHS) and rectangular hol-
low section (RHS) specimens. The RHS columns, given in Table 6.3, were formed by welding
two press-braked channel sections tip-to-tip along the length of the column. The manufacturing
process of the SHS columns, given in Tables 6.4 and 6.5, involved cold-rolling into a circu-
lar tube followed by sizing into the final cross-section geometry. All fire tests were performed
anisothermally, whereby the load was applied at room temperature and was maintained at a
constant level while the temperature was increased until failure.
Table 6.3: Summary of austenitic column tests reported by Gardner and Baddoo (2006)
Nominal section size Boundary Applied load Critical specimen
conditions (kN) temperature (◦C)
RHS 150× 100× 6 Fixed 268 801
RHS 150× 75× 6 Fixed 140 883
RHS 100× 75× 6 Fixed 156 806
Table 6.4: Summary of austenitic column tests reported by Ala-Outinen and Oksanen (1997)
Nominal section size Boundary Applied load Critical specimen
conditions (kN) temperature (◦C)
SHS 40× 40× 4 (T1) Pinned 45 872
SHS 40× 40× 4 (T2) Pinned 129 579
SHS 40× 40× 4 (T3) Pinned 114 649
SHS 40× 40× 4 (T4) Pinned 95 710
SHS 40× 40× 4 (T5) Pinned 55 832
SHS 40× 40× 4 (T7) Pinned 75 766
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Table 6.5: Summary of ferritic column tests reported by Rossi (2012)
Nominal section size Boundary Applied load Critical furnace Failure time
conditions (kN) temperature (◦C) (min)
SHS 80× 80× 3− 3000 mm Fixed 72 709 12 min 9 sec
SHS 80× 80× 3− 2500 mm Fixed 78 708 12 min 0 sec
RHS 120× 80× 3− 2500 mm Fixed 100 705 11 min 51 sec
6.3.2 Development and validation of numerical models
For each model, a sequentially coupled thermal-stress analysis was carried out, involving three
types of numerical analyses - (1) a heat transfer analysis to obtain the temperature development
in the structural members, (2) a linear elastic buckling analysis to determine the buckling mode
shapes and finally (3) a geometrically and materially non-linear stress analysis, which incorpo-
rated the temperature field from (1) and the buckling mode shapes as imperfections from (2).
6.3.2.1 Heat transfer model
The measured specimen time-temperature relationship was used in modelling the austenitic
stainless steel columns. For the ferritic column tests, the specimen temperature was not mea-
sured during the tests; only the furnace temperature was measured. Hence, heat transfer
analyses were first carried out to obtain the evolution of specimen temperature with the fire
exposure time for the ferritic columns, which was required as input for the stress analysis part of
the modelling procedure. The thermal analysis of a structural member can be divided into two
parts: the heat transfer from the fire to the exposed surface of the structural element through
combined convection and radiation heat transfer mechanisms, and conductive heat transfer
within the structural member itself. A brief description of the heat transfer mechanisms used
in modelling the temperature developments for structural fire design is described.
Conduction heat transfer
In conduction, energy or heat is exchanged in a solid or fluid material as a result of a temperature
gradient on a molecular scale, with no macroscopic displacement of the material. The heat
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conduction described by the Fourier’s law of heat conduction is expressed as in Equation (6.11).
q˙ = −k∇θ (6.11)
where ∇θ is the temperature gradient vector, q˙ is the heat flux vector per unit area (W/m2)
and k is the thermal conductivity of the material (W/mK).
Convection heat transfer
Convection refers to heat transfer at the interface between a fluid and a solid surface, caused
by the fluid motion. Convection heat transfer in fire is mainly by natural convection, whereby
the temperature gradient in the fluid causes a density gradient and generates buoyancy induced
flow. Convective heat transfer is governed by Equation (6.12).
h˙net,c = αc(θg − θm) (6.12)
where h˙net,c is the net convective heat flux per unit surface area (W/m
2), αc is the convective
heat transfer coefficient (W/m2K), θg (
◦C) is the gas temperature in the vicinity of the fire
exposed member and θm (
◦C) is the surface temperature of the member. EN 1991-1-2 (2002)
recommends to use αc = 25 W/m
2K in conjunction with the standard temperature-time curve
and the external fire curve, αc = 50 W/m
2K with the hydrocarbon temperature-time curve and
αc = 35 W/m
2K when the parametric fire curve is adopted.
Radiation heat transfer
Radiation is the transfer of heat by electromagnetic waves, which can be absorbed, reflected
and transmitted at a surface. Unlike conduction and convection, heat transfer by radiation does
not require any intervening medium between the heat source and the exposed member surface.
Heat transfer by radiation is described by Equation (6.13).
h˙net,r = φεrεmσ
[
(θr + 273)
4(θm + 273)
4
]
(6.13)
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where h˙net,r is the net radiative heat flux per unit surface are (W/m
2), φ is the configuration
factor used to represent the fraction of incident thermal radiation on the surface, εm is the
emissivity of the surface, εf is the emissivity of the fire, θr (
◦C) is the radiation temperature of
the fire environment, θm (
◦C) is the surface temperature of the member and σ is the Stephan
Boltzmann constant taken as 5.67× 10−8 W/m2K4.
In general, the emissivity of a surface depends on the wavelength of the radiant electromagnetic
waves, the temperature of the surface and the angle of radiation. However, in structural fire
design, emissivity is taken as a constant. Values of εm = 0.8 for carbon steel and εm = 0.4
for stainless steel are recommended in EN 1991-1-2 (2002), while the emissivity of the fire εf is
taken as unity.
Heat transfer problem
Under transient state heat conduction, temperatures change with time. The conservation of
heat energy as given in Equation (6.14) states that:
ρc
∂θ
∂T
= −∇q˙ + Q (6.14)
where ρ is the material density, c is the material specific heat, T is time and Q is the internal
heat generation rate per unit volume.
The heat energy conservation equation is the basis for the heat transfer modelling in analysis
packages such as ABAQUS, which is solved, subjected to appropriate boundary conditions, to
obtain the temperature distribution. As it is difficult to obtain analytical solutions to Equation
(6.14), numerical methods are employed to solve the heat transfer analysis problem.
Heat transfer analysis was performed for each of the ferritic stainless steel columns. The mean
measured furnace temperature was applied uniformly to the surface of the specimens with a
uniform initial temperature of 20 ◦C. The convective heat transfer coefficient and the emissivity
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factor were taken as 25 W/m2K and 0.4, respectively, as specified in EN 1993-1-2 (2005). The
results from the heat transfer analysis consisted of the temperature distribution for all the nodes
within the three dimensional model, which were stored as a function of time and subsequently
read into the stress analysis model as a predefined field.
6.3.2.2 Stress analysis model
The non-linear stress analysis was performed in two steps to simulate the anisothermal loading
condition of the column fire tests. In the first step, the load was applied to the structure at
room temperature. This load was maintained at a constant level during the second step while
the evolution of the temperature with the fire exposure time, from the heat transfer analysis,
was applied. For the case of the austenitic stainless steel columns, the measured mean steel
surface temperature was directly imported into the models.
General modelling assumptions
Shell elements were adopted to simulate the stainless steel tubular hollow section columns, as
is customary for modelling of thin-walled structures. The four-node doubly curved general-
purpose shell element with reduced integration S4R, for the structural model, and D4S, for the
thermal model, which has performed well in numerous similar applications (Ashraf et al., 2006;
Ng and Gardner, 2007; To and Young, 2008; Ellobody, 2013) were used. A suitable mesh size,
providing accurate results with practical computational times, with a minimum of ten elements
across each plate was adopted (Ng and Gardner, 2007). The test boundary conditions were
replicated by restraining suitable displacement and rotation degrees of freedom at the columns
ends. Measured geometric dimensions were used in each model to replicate the corresponding
test specimen.
Elevated temperature material properties
The performance of finite element models is highly sensitive to the prescribed material parame-
ters, hence making an accurate representation of the material characteristics essential. For the
ferritic stainless steel column tests, the modified compound Ramberg-Osgood material model
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for elevated temperatures proposed by Gardner et al. (2010b), along with the measured elevated
temperature reduction factors for the EN 1.4003 grade, presented in Section 6.2, and the mea-
sured room temperature material properties were used. For the case of the austenitic column
tests, the measured flat material stress-strain curves at elevated temperatures were directly
utilised in the development of the finite element models.
The strength enhancements in the corner regions of the SHS and RHS specimens were also
incorporated in the FE models. For the austenitic tests, where no corner coupon tests were
conducted, the predictive models in Cruise and Gardner (2008b) were used to determine the
room temperature 0.2% proof strength of the corner regions. The corner strength enhancement
was confined to the corner region for the press-braked sections, while for the cold-rolled sections,
a uniform strength enhancement for the corner region plus an extension of 2t, where t is the
material thickness, beyond the corner radius into the flat faces of the section was used as spec-
ified in (Cruise and Gardner, 2008b). It has been shown that the beneficial effect of cold-work
is lost at high temperatures of about 800 ◦C and above (Chen and Young, 2006; Ala-Outinen
and Oksanen, 1997). Hence, in order to allow for this in the numerical models, the corner re-
gions were assigned the same material properties as the flat faces for temperatures above 800 ◦C.
ABAQUS requires that the material properties are specified in terms of true stress σtrue and
log plastic strain εpln, which may be derived from the nominal engineering stress-strain curves
as defined in Equations (6.15) and (6.16), respectively, where σnom and εnom are engineering
stress and strain, respectively and E is the Young’s modulus.
σtrue = σnom(1 + εnom) (6.15)
εpln = ln(1 + εnom)−
σtrue
E
(6.16)
Thermal properties
For austenitic stainless steel, the thermal properties from EN 1993-1-2 (2005) were used in
the models. The thermal properties of ferritic stainless steels are different from the austenitic
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stainless steels and are not currently covered in EN 1993-1-2 (2005). For the EN 1.4003 grade,
thermal expansion data were sourced from EN 10088-1 (2005) and specific heat and thermal
conductivity data were obtained from the StahlDat SX (2011) database.
Geometric imperfections
Initial geometric imperfections are introduced into structural sections during production, fabri-
cation and handling and can significantly influence structural behaviour. Imperfection shapes of
the form of the lowest global and local buckling modes obtained from a linear elastic eigenvalue
buckling analysis were utilised. A global imperfection amplitude of L/2000, where L is the
column total length, was adopted for the austenitic stainless steel columns, while the measured
imperfection amplitudes of the test specimens were used for the ferritic stainless steel columns.
For the local imperfection amplitude w0, values predicted by the Dawson and Walker model, as
adapted for stainless steel (Ashraf et al., 2006) given by Equation (6.17), were used.
w0 = 0.023t
σ0.2
σcr
(6.17)
where t is the plate thickness, σ0.2 is the material 0.2% proof stress and σcr is the plate elastic
buckling stress.
Residual stresses
Through thickness bending residual stresses are introduced in cold-formed sections through
plastic deformations induced during the production process. Such residual stresses have been
observed previously (Cruise and Gardner, 2008a; Rasmussen and Hancock, 1993a) and it was
concluded that provided the material properties are established using coupons cut from within
the cross-section, the effects of bending residual stresses are inherently present, and do not need
to be defined explicitly in the numerical models. Membrane residual stresses which may be
introduced due to differential cooling following welding of the stainless steel tubular sections,
have been found to have an insignificant effect on the performance of FE models of cold-formed
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tubular sections (Ashraf et al., 2006). Hence, residual stresses were not included in the FE
models.
6.3.2.3 Validation results
A total of 9 austenitic stainless steel columns and 3 ferritic stainless steel columns were modelled
using the sequentially coupled thermal-stress analysis procedure described. The fire performance
criteria set out in EN 1363-1 (1999) for vertically loaded members were used to determine the
critical failure temperature of the columns. It states that a column is deemed to have failed
when both the vertical contraction and the rate of vertical contraction have exceeded L/100
mm and 3L/1000 mm/min, respectively, where L is initial column height in mm.
Figures 6.10-6.12 compare the test axial deformation versus temperature results with the FE
results for the ferritic columns. The axial deformation versus temperature relationship of the
axially loaded compression members may be described as follows: the column initially shortens
as the load is applied at room temperature; as the temperature is increased, the column then
starts to expand. At high steel temperatures, the rate of increase in the column axial deforma-
tion decreases as the column stiffness reduces and the mechanical shortening, related partially
to axial deformation and partially to out-of-plane deflection as the column buckles, becomes
important. Finally, the mechanical shortening overtakes the thermal expansion of the column,
the axial deformation changes direction and the column contracts until it can no longer sustain
the applied load. The column mechanical shortening is related to the elevated temperature
tangent stiffness, which reduces rapidly, making the final stage abrupt.
A summary of the comparisons between the test and FE results is provided in Table 6.6. For
the austenitic stainless steel columns, the FE models give a mean FE/test critical temperature
of 0.90 and a coefficient of variation of 0.03, and provide safe-side predictions of the fire resis-
tance of the test column specimens. This under-prediction may be due to the application of
uniform temperature through the thickness of the column section equal to the mean measured
surface temperature. In addition, all column tests were partially protected near the column
ends to prevent the effect of sudden temperature variation at the start of the test, leaving a
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smaller exposed length than the full length used in the FE simulations. For the ferritic stainless
steel columns, the FE and test results are in very good agreement with a mean FE/test critical
temperature of 1.00 and a coefficient of variation of 0.02. From the comparison of the test and
FE results, it is concluded that the described FE models are capable of safely replicating the
non-linear, large deflection response of the stainless steel columns in fire.
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Figure 6.10: Vertical displacement versus temperature of SHS 80× 80× 3− 3000 mm specimen
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Figure 6.11: Vertical displacement versus temperature of SHS 80× 80× 3− 2500 mm specimen
-30
-20
-10
0
10
20
30
-30
-20
-10
0
10
20
30
0 100 200 300 400 500 600 700 800
A
xi
al
 d
is
pl
ac
em
en
t v
el
oc
ity
 (m
m
/m
in
)
A
xi
al
 d
is
pl
ac
em
en
t (
m
m
)
Temperature °C
Test
FE (Axial displ)
FE (Axial displ velocity)
Axial displacement limit
Axial displacement velocity limit
Figure 6.12: Vertical displacement versus temperature of SHS 120× 80× 3− 2500 mm speci-
men
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Table 6.6: Comparison of critical temperatures between test and FE results
Nominal section size
Critical temperature (◦C)
Test FE FE/test
RHS 150× 100× 6 801 757 0.91
RHS 150× 75× 6 883 814 0.92
RHS 100× 75× 6 806 744 0.92
SHS 40× 40× 4 (1) 872 750 0.86
SHS 40× 40× 4 (2) 579 502 0.87
SHS 40× 40× 4 (3) 649 608 0.94
SHS 40× 40× 4 (4) 710 646 0.91
SHS 40× 40× 4 (5) 832 722 0.87
SHS 40× 40× 4 (7) 766 681 0.89
SHS 80× 80× 3− 3000 709 726 1.02
SHS 80× 80× 3− 2500 708 718 1.02
RHS 120× 80× 3− 2500 705 709 1.01
6.3.3 Parametric studies
Having validated the FE models, a series of parametric studies was performed to extend the
range of structural performance data and to investigate the influence of variation of cross-section
slenderness, member slenderness and applied load level on the fire performance of ferritic stain-
less steel columns. The same modelling procedures as explained in the previous sections were
employed for the parametric study models. The standard temperature-time curve given in EN
1992-1-2 (2005) was used for the thermal model and the anisothermal loading condition was
used for the structural model.
6.3.3.1 Effect of cross-section slenderness
The effect of cross-section slenderness on the fire resistance of ferritic stainless steel columns was
investigated by varying the cross-section thickness, while maintaining the cross-section outer di-
mensions, column length and the load level. The local imperfection amplitude was taken as that
predicted by Equation (6.17). The cross-section slenderness was taken as the plate slenderness
λ¯p defined in EN 1993-1-4 (2006). The cross-section width and depth were both taken as 80
mm, the length was taken as 500 mm, ensuring stub column behaviour with no global buck-
ling, and the thicknesses were 1.0, 1.25, 1.50, 1.75, 2.0, 2.25, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0 and 6.0
mm, providing a range of room temperature plate slenderness values λ¯p = 0.24− 2.05. Material
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properties pertaining to both EN 1.4509 (representing group I) and EN 1.4003 (representing
group II) ferritic stainless steel grades were employed. The applied load level was taken as
20% of the cross-section room temperature yield load, based on gross cross-sectional area. The
obtained results are shown in Figure 6.13. As anticipated, the stub column failure temperature
reduces with increased cross-section elevated temperature plate slenderness λ¯p,θ. The enhanced
fire performance of group I ferritic grades, at temperatures above 550 ◦C, is also evident, where
higher failure temperatures are obtained.
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Figure 6.13: Effect of cross-section slenderness on the critical temperature
6.3.3.2 Effect of member slenderness and load level
Three section sizes, namely RHS 120× 80× 6, SHS 80× 80× 6 and SHS 80× 80× 3 were em-
ployed to study the global buckling response of ferritic stainless steel columns. The elevated
temperature material properties pertaining to ferritic stainless steel grade EN 1.4003, group
II, were used. The global imperfection amplitude was taken as L/1000, where L is the column
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length, in accordance with the permitted out-of-straightness tolerance in EN 1090-2 (2008). The
local imperfection amplitude was taken as that predicted by Equation (6.17). All columns were
pin-ended at both ends. Due to the symmetry in the geometry and the boundary conditions of
the analysed specimens, only half of the section, but over the full length, was modelled. The
column lengths were varied from 0.5 m to 3.0 m and provided a range of room temperature
member slenderness of 0.25-1.55. Three different load levels were applied to each column spec-
imen: 25%, 45% and 65% of the room temperature minor axis buckling resistance, determined
in accordance with EN 1993-1-4 (2006).
The obtained results are shown in Figures 6.14, 6.15, 6.16 for the RHS 120× 80× 6, SHS
80× 80× 6 and SHS 80× 80× 3 cross-sections, respectively. As anticipated, the column failure
temperature reduces with increased load level. The variation of critical temperature with load
level is also dependent on the member slenderness. This is expected as the member slenderness
is dependent on the material strength and stiffness and its degradation with temperature.
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Figure 6.14: Effect of load level on the SHS 120× 80× 6 column critical temperature
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Figure 6.15: Effect of load level on the SHS 80× 80× 6 column critical temperature
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Figure 6.16: Effect of load level on the SHS 80× 80× 3 column critical temperature
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6.4 Analysis of results and design recommendations
The structural fire design of stainless steel structures is briefly covered in EN 1993-1-2 (2005)
with similar treatments as carbon steel structures. Provisions more specific to stainless steel
structures are also provided in the Euro-Inox/SCI Design Manual for Stainless Steel (2006),
and in the literature. This section presents a comparison of the parametric study results and
the test results of ferritic stainless steel columns with the existing design rules provided in EN
1993-1-2 (2005) and the Euro-Inox/SCI Design Manual for Stainless Steel (2006). A selection
of the literature proposals made by Ng and Gardner (2007), Uppfeldt et al. (2008) and Lopes
et al. (2010) are also assessed. Amendments to the current design procedures, in line with the
obtained results, are proposed.
6.4.1 Material strength for design
In determining the structural fire resistance of stainless steel compression members, either the
elevated temperature 0.2% proof stress σ0.2,θ or the elevated temperature stress at 2% total
strain σ2,θ are employed, depending on the cross-section classification and the design resistance
level under consideration, i.e. cross-section resistance or member buckling resistance. A sum-
mary of the codified and literature recommended design strength parameters are provided in
Table 6.7. More rationalised design strength parameters are proposed, also presented in Table
6.7, and justified herein.
At cross-section level, relatively large strain levels could be reached before the onset of local
buckling for the case of Class 1 and 2 cross-sections. Hence, the elevated temperature stress
at 2% total strain σ2,θ may be utilised in determining the cross-section resistance of Class 1
and 2 sections, as is currently recommended in EN 1993-1-2 (2005). The stress at 2% total
strain is also used for the design of Class 3 cross-sections in EN 1993-1-2 (2005). This is con-
sidered inappropriate, as local buckling is expected before this strain level is reached, and it is
recommended to use the elevated temperature 0.2% proof stress for both Class 3 and Class 4
cross-sections, as proposed in Ng and Gardner (2007) and Uppfeldt et al. (2008). The design at
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member level is mainly controlled by material stiffness, which reduces significantly beyond the
0.2% proof stress point. Hence, the elevated temperature design yield stress is recommended to
be taken as the elevated temperature 0.2% proof stress σ0.2,θ - given as the product of the k0.2,θ
strength reduction factor and the design yield stress at 20 ◦C, σ0.2, for all cross-section classes.
Table 6.7: Elevated temperature strength parameters for column design from current design
guidance/literature and proposed herein
Design guidance Cross-section resistance Member buckling resistance
EN 1993-1-2
σ2,θ for Class 1, 2 and 3 σ2,θ for Class 1, 2 and 3
σ0.2,θ for Class 4 σ0.2,θ for Class 4
Euro-Inox/SCI manual σ0.2,θ for all Classes σ0.2,θ for all Classes
Ng and Gardner (2007)
σ2,θ for Class 1 and 2 σ2,θ for Class 1 and 2
σ0.2,θ for Class 3 and 4 σ0.2,θ for Class 3 and 4
Uppfeldt et al. (2008) As in Ng and Gardner (2007) As in Ng and Gardner (2007)
Lopes et al. (2010) As in EN 1993-1-2 As in EN 1993-1-2
Proposed
σ2,θ for Class 1 and 2 σ0.2,θ for all Classesσ0.2,θ for Class 3 and 4
6.4.2 Local buckling treatment
In classifying cross-sections at room temperature, the material factor ε, given in Equation
(6.18) for stainless steel, is used to allow for variation in material yield strength σy and Young’s
modulus E as provided in EN 1993-1-4 (2006). A similar definition is employed for carbon steel
in EN 1993-1-1 (2005), taking E as 210000 N/mm2, resulting in Equation (6.19).
ε =
[
235
σy
E
210000
]0.5
(6.18)
ε =
[
235
σy
]0.5
(6.19)
Since in fire, the rate of degradation of material strength and stiffness does not occur at the
same rate, this material strength parameter becomes temperature dependent as presented in
Equation (6.20), where ky,θ is the appropriate design yield strength reduction factor. Figure
6.17 shows the variation of (kE,θ/k2,θ)
0.5 and (kE,θ/k0.2,θ)
0.5 with temperature for carbon steel
from EN 1993-1-2 (2005), austenitic stainless steel from EN 1993-1-2 (2005), ferritic stainless
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Figure 6.17: Variation of (kE,θ/k2,θ)
0.5 and (kE,θ/k0.2,θ)
0.5 modification factors with temperature
steel group I grades and ferritic stainless steel group II grades. k2,θ is the elevated temperature
stress at 2% total strain normalised by the 0.2% proof stress at room temperature. Values
of (kE,θ/k2,θ)
0.5 and (kE,θ/k0.2,θ)
0.5 greater than unity mean less propensity to local buckling.
EN 1993-1-2 (2005) uses a constant modification factor of 0.85 in the definition of the material
strength parameter at elevated temperatures as described by Equation (6.21) for both carbon
steel and stainless steel, while the Euro-Inox/SCI Design Manual for Stainless Steel (2006) uses
a modification factor of unity by adopting the room temperature definition.
εθ =
[(
kE,θ
ky,θ
)(
235
σy
E
210000
)]0.5
(6.20)
εθ = 0.85
[
235
σy
]0.5
(6.21)
Annex E of EN 1993-1-2 (2005) recommends that for the case of class 4 sections, the effec-
tive cross-section area and the effective section modulus be determined in accordance with EN
1993-1-4 (2006), i.e. based on the material properties at 20 ◦C. Hence, the definition of plate
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slenderness at room temperature is not modified for elevated temperatures design, which is not
consistent with the adopted cross-section classification approach and also does not allow for the
elevated temperature effects. It was proposed by Ng and Gardner (2007) and later by Uppfeldt
et al. (2008) that the true variation of the stiffness to strength ratio with temperature should
be employed in the treatment of local buckling at elevated temperatures, including in cross-
section classification and in the determination of the effective section properties, leading to the
definition of the elevated temperature material parameter εθ. Table 6.8 provides a summary of
the codified design guidance and literature proposals for the treatment of local buckling in fire
design of stainless steel sections.
Table 6.8: Elevated temperature cross-section design from current design guidance
Design guidance Cross-section classification limits Effective width formula
EN 1993-1-2 EN 1993-1-4 limits with EN 1993-1-4 formula
εθ = 0.85
[
235
σ2
]0.5
for Class 1, 2 and 3 sections
εθ = 0.85
[
235
σ0.2
]0.5
for Class 4 sections
Euro-Inox/SCI manual EN 1993-1-4 limits with EN 1993-1-4 formula
εθ =
[
235
σ0.2
E
210000
]0.5
for all cross-section classes
Ng and Gardner (2007) EN 1993-1-4 limits with EN 1993-1-4 formula with
εθ =
[(
kE,θ
k2,θ
)(
235
σ2
E
210000
)]0.5
λ¯p,θ =
b¯/t
28.4εθ
√
kσ
for Class 1 and 2 sections at room tem-
perature
εθ =
[(
kE,θ
k0.2,θ
)(
235
σ0.2
E
210000
)]0.5
for Class 3 and 4 sections at room tem-
perature
Uppfeldt et al (2008) As in Ng and Gardner (2007) As in Ng and Gardner (2007)
Lopes et al. (2010) As in EN 1993-1-2 As in EN 1993-1-2
A series of more relaxed new cross-section classification limits for the room temperature design
of stainless steel structures were proposed by Gardner and Theofanous (2008). For consistency
with the new Class 3 to Class 4 limit, a modified version of the EN 1993-1-4 (2006) effective
width formula was also proposed. The suitability of these proposals for the design of ferritic
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stainless steel structures at elevated temperatures is assessed herein.
Figure 6.18 shows the FE results with the effective width formulae provided in EN 1993-1-
4 (2006) and its modified version given by Gardner and Theofanous (2008), as presented in
Equations (6.22) and (6.23), respectively. The effective width equation provided in EN 1993-1-
5 (2006), as given in Equation (6.24) is also shown. The results of austenitic stainless steel stub
column tests results by Uppfeldt et al. (2008) are also included. The elevated temperature 0.2%
proof stress σ0.2,θ has been used in generating Figure 6.18, which is the recommended value for
Class 4 sections in EN 1993-1-2 (2005) and herein.
ρ =
0.772
λ¯p
− 0.125
λ¯2p
(6.22)
ρ =
0.772
λ¯p
− 0.079
λ¯2p
(6.23)
ρ =
1
λ¯p
− 0.22
λ¯2p
(6.24)
Both, the EN 1993-1-4 (2006) effective width equation and its modified version by Gardner
and Theofanous (2008) provide good predictions of the FE results, with the latter slightly over-
predicting the results at intermediate plate slenderness range. However, it is proposed that in
determining the cross-section resistance of ferritic stainless steel structures at elevated temper-
atures, the cross-section classification limits and the effective width equation from Gardner and
Theofanous (2008) in conjunction with the temperature dependent material parameter εθ as in
Ng and Gardner (2007) and, Uppfeldt et al. (2008) be employed. A summary of the recom-
mended design method is provided in Table 6.9. Tables 6.10 provides a comparison between
the FE results with the predictions from EN 1993-1-2 (2005), Ng and Gardner (2007) and the
proposed method in terms of the predicted resistance over the stub column FE results.
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Figure 6.18: Comparison of the existing effective width formulae with the FE results
Table 6.9: Proposed elevated temperature cross-section design
Cross-section classification limits Effective width formula
Gardner and Theofanous (2008) limits with Gardner and Theofanous (2008) formula with
εθ =
[(
kE,θ
k2,θ
)(
235
σ2
E
210000
)]0.5
λ¯p,θ =
b¯/t
28.4εθ
√
kσ
for Class 1 and 2 sections at room temperature
εθ =
[(
kE,θ
k0.2,θ
)(
235
σ0.2
E
210000
)]0.5
for Class 3 and 4 sections at room temperature
Table 6.10: Comparison of the design methods for ferritic stainless steel stub columns
Npredicted/NFE
EN 1993-1-2 Ng and Gardner (2007) Proposed
Mean 0.824 0.945 0.979
COV 0.074 0.067 0.094
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6.4.3 Column flexural buckling
Based on EN 1993-1-2 (2005), the design fire resistance of stainless steel structures, assuming
a uniform temperature distribution, is based on the room temperature design resistance, sup-
plied in EN 1993-1-4 (2006), modified to take account of the mechanical properties at elevated
temperature and with a revised buckling curve. The fire buckling curve in EN 1993-1-2 (2005)
is of the same general form as the room temperature buckling curve with the exception of
exhibiting no plateau (i.e. λ¯0 = 0), including a yield strength dependent imperfection factor
(α = 0.65
√
235/σy) and introducing the elevated temperature member non-dimensional slen-
derness, λ¯θ, defined in Equations (6.25) and (6.26), where λ¯ is the column slenderness at room
temperature.
λ¯θ = λ¯
(
k2,θ
kE,θ
)0.5
for Class 1, 2 and 3 sections (6.25)
λ¯θ = λ¯
(
k0.2,θ
kE,θ
)0.5
for Class 4 sections (6.26)
Ng and Gardner (2007) proposed a revised buckling curve with the plateau length λ¯0 = 0.2 and
the imperfection factor taken as α = 0.55. Uppfeldt et al. (2008) proposed to use the same buck-
ling curve as room temperature, with λ¯0 = 0.4 and α = 0.49 (for hollow sections), for elevated
temperature design, with the plateau length changing as a function of temperature. Based on
their numerical study on welded I-section columns in fire, Lopes et al. (2010) modified the EN
1993-1-2 (2005) buckling curve such that it provides a good fit to the generated data. The
imperfection factor α is defined as a function of temperature, resulting in different buckling
curves for different temperatures.
Figures 6.19-6.23 compare the above mentioned buckling curves, with an average plateau length
of 0.285 for the investigated specimens for the Uppfeldt et al. (2008) model and an average fail-
ure temperature of 640 ◦C for the Lopes et al. (2010) model, with the test and parametric study
results, where the applied load, normalised by the appropriate elevated temperature yield load
is plotted against the elevated temperature member slenderness. The buckling curves proposed
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by Lopes et al. (2010) are considerably lower than other studies. A preliminary study into the
effect of section type and presence of residual stresses has shown that, the buckling performance
of welded I-sections, for which the Lopes et al. (2010) recommendations were developed, is dis-
tinctly different from that of cold-formed box sections, hence, necessitating the use of a separate
buckling curve for these sections.
A revised buckling curve, with the general form of the room temperature buckling curve of EN
1993-1-4 (2006), but with imperfection parameter α = 0.49 and limiting slenderness λ¯0 = 0.2 is
proposed for cold-formed SHS/RHS members. The proposed buckling curve, which was shown
in Chapter 5 to also work well for room temperature design of cold-formed ferritic stainless steel
tubular columns, provides an improved representation of the fire resistance of ferritic stainless
steel compression members at elevated temperatures.
The definition of member slenderness at elevated temperature, in terms of the room temperature
member slenderness, provided by the existing design guidelines is not in line with the cross-
section classification at elevated temperature. Since the cross-section classification may change
at elevated temperatures, which in turn changes the cross-section area from gross to effective,
or vice versa, the member slenderness is redefined appropriately, as given by Equation (6.27).
λ¯θ =
√
Aθσy,θ/Ncr,θ (6.27)
where, Aθ = Agross for sections which are Class 1, 2 and 3 at elevated temperature and Aθ = Aeff
for sections which are Class 4 at elevated temperature, σy,θ is the elevated temperature yield
stress, taken as the 0.2% proof stress σ0.2,θ and Ncr,θ is the elastic buckling load based on the
elevated temperature Young’s modulus Eθ.
Considering the design proposals made at both cross-section level and member level, the FE
and test results are plotted in Figure 6.24 with the revised buckling curve also depicted. Numer-
ical comparisons in terms of the mean and the coefficient of variation (COV) of the predicted
resistance over the FE and test results are also provided in Table 6.11.
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Figure 6.21: Comparison of FE and test results with Ng and Gardner’s (2007) proposal
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Figure 6.24: Comparison of FE and test results with the proposed method
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Table 6.11: Comparison of FE and test results with existing design guidance and proposed
approach Npredicted/NFE or test
EN 1993-1-2 Euro-Inox Ng and Upffeldt et al. Lopes etal. Proposed
/SCI Gardner (2007) (2008) (2010)
Mean 0.849 0.969 0.931 0.981 0.595 0.915
COV 0.066 0.071 0.074 0.062 0.177 0.066
6.5 Concluding remarks
Studies of the structural response of ferritic stainless steels were extended to fire conditions in
this chapter. It was noted that the strength reduction factors provided in the current codified
stainless steel design guidance for ferritic stainless steels are limited to one grade (EN 1.4003),
while stiffness reduction factors identical to those of austenitic and duplex stainless steels are
adopted. Elevated temperature material test results on a total of five ferritic stainless steel
grades from the literature (EN 1.4003, 1.4016, 1.4509, 1.4521 and 1.4621) were used in this
chapter to investigate the material behaviour of ferritic stainless steels at elevated temperature.
A single set of stiffness reduction factors were proposed for all ferritic grades under consideration,
whereas for the case of strength reduction factors, the ferritic grades were divided into two groups
(Group I: EN 1.4509, 1.4521 and 1.4621 and Group II: EN 1.4003 and 1.4016) - based on their
similar elevated temperature material properties. The current European fire design guidelines
provided in EN 1993-1-2 (2005) and recent modified versions thereof have been mainly developed
based on austenitic and duplex stainless steel behaviour. To assess the applicability of these
design provisions to ferritic stainless steel compression members, a numerical modelling study
was conducted to generate further structural performance data. A total of nine austenitic
and three ferritic stainless steel column fire tests from the literature were replicated using the
finite element analysis package ABAQUS to obtain a validated numerical modelling procedure.
The development of the models, including thermal analysis models, linear eigenvalue buckling
analysis models and stress analysis models was described in detail. Parametric studies to explore
the influence of variation in local cross-section slenderness, global member slenderness and
load level were described. Based on the analysis of the test and numerical parametric study
results, new design recommendations including: (1) rationalised design strength parameters (2)
a consistent approach to cross-section classification and treatment of local buckling and (3) a
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revised buckling curve for the design of ferritic stainless steel columns in fire were proposed.
Considering the design proposals made at both cross-section level and member level, the FE
and test results were compared with the predicted resistances, which based on a consistent and
accurate approach provide reliable results with low scatter.
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7.1 Introduction
Given the high initial material costs of stainless steel, associated primarily with its alloying
elements, it is essential that its distinctive properties are recognised in the development of
structural design rules. This chapter focuses on key characteristics of the material stress-strain
behaviour of stainless steel, in particular strain hardening, and its implications on structural
design. Unlike carbon steel which has an elastic response, with a clearly defined yield point,
followed by a yield plateau and a moderate degree of strain hardening, stainless steel has pre-
dominantly non-linear stress-strain behaviour with significant strain hardening. The recent
generation of international stainless steel design standards, including EN 1993-1-4, have been
developed largely in line with carbon steel design guidelines, which are based on the idealised
elastic, perfectly plastic material behaviour, hence neglecting the beneficial strain hardening
effects. However, based on the research reported in this chapter, building on previous recent
studies, strain hardening is now exploited in the design of stainless steel cross-sections in AISC
Design Guide 27: Structural Stainless Steel (2013) through the continuous strength method
(CSM). The background and underpinning research is described herein.
The continuous strength method (CSM) is a newly developed design approach, providing consis-
tency with the observed stainless steel stress-strain response and allowing for strain hardening.
The CSM replaces the concept of cross-section classification, which is the basis for the treat-
ment of local buckling in the current design standards for metallic materials such as carbon
steel, stainless steel and aluminium alloys, with a non-dimensional measure of cross-section de-
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formation capacity. Background to the method and detailed descriptions of its development
over the past decade are published in Gardner (2002), Ashraf et al. (2008) and Gardner and
Theofanous (2008). More recent advancements and simplifications of the CSM, including its
extension to carbon steel design may also be found in Gardner (2008) and Gardner et al. (2011).
Development of the CSM for aluminium alloy structures is also progressing (Su et al., submit-
ted; Gardner and Ashraf, 2006).
The application of the CSM to stainless steel structures, incorporating its recent modifications,
is described in this chapter. Test data on stainless steel stub columns and beams have been
used to generate a simple and continuous relationship between cross-section slenderness and
cross-section deformation capacity, referred to as the design base curve. An elastic, linear hard-
ening material model, enabling exploitation of strain hardening, is also described. Although the
scope of the CSM is not limited to specific structural loading cases, cross-section capacities in
compression and bending are the primary focus of this chapter.
7.2 Current codified treatment of local buckling
The concept of cross-section classification is the current codified approach for the treatment of
local buckling in metallic sections and is used to determine the appropriate structural design
resistance. The method is most suitable for materials with a stress-strain response resembling
the idealised elastic-perfectly plastic material model, where the presence of a clearly defined
yield point allows cross-sections to be set into discrete behavioural classes.
EN 1993-1-4 (2006) adopts the carbon steel cross-section classification approach set out in EN
1993-1-1 (2005), with the yield stress σy taken as the 0.2% proof stress σ0.2. A series of limits for
the width-to-thickness ratios (b/t), in terms of the material properties, edge support conditions
(i.e., internal or outstand) and the form of the applied stress field, are provided. The overall
cross-section classification is assumed to relate to that of its most slender constituent element,
thus neglecting the benefits of element interaction.
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Slenderness limits are generally derived on the basis of experimental results at the cross-section
level. Owing to the relatively recent emergence of stainless steel as a structural material, the
current cross-section classification limits in EN 1993-1-4 (2006) were derived on the basis of a
limited number of test data. As discussed in Chapters 4 and 5, analysis of results by Gardner
and Theofanous (2008), based on a more comprehensive experimental database, has shown that
the current classification limits are unduly conservative and may in many cases, be relaxed;
where possible it was proposed that the stainless steel slenderness limits be harmonised with
those for carbon steel.
Analyses of experimental results from stub column and in-plane bending tests have shown a
significant conservatism in the EN 1993-1-4 (2006) rules which limit the cross-section compres-
sion resistance to the yield load and the cross-section bending resistance to the plastic moment
capacity. Figure 7.1 shows the results of stub column tests on stainless steel SHS, RHS, angle
sections, lipped channel sections and I-sections (Kuwamura, 2003; Saliba and Gardner, 2013;
Gardner and Nethercot, 2004a; Talja and Salmi, 1995; Gardner et al., 2006; Theofanous and
Gardner, 2009; Young and Lui, 2005; Young and Liu, 2003; Liu and Young, 2003; Stangenberg,
2000a; Stangenberg, 2000b; Rasmussen and Hancock, 1993a; Yuan et al., 2012; Chapter 5). In
Figure 7.1 the test ultimate load Nu,test has been normalised by the cross-section yield load -
determined as the product of the gross cross-sectional area A and the material 0.2% proof stress
σ0.2 - and plotted against the cross-section slenderness λ¯p.
Figure 7.2 shows the results of bending tests on stainless steel SHS, RHS and I-sections (Sal-
iba and Gardner, 2013; Talja and Salmi, 1995; Gardner et al., 2006; Stangenberg, 2000a; Real
and Mirambell, 2005; Gardner and Nethercot, 2004b; Zhou and Young, 2005; Rasmussen and
Hancock, 1993b; Theofanous and Gardner, 2010; Gardner and Theofanous, 2010; Chapter 5)
where the test ultimate moment Mu,test has been normalised by the plastic moment capacity
Mpl - determined as the product of the section plastic modulus Wpl and the material 0.2% proof
stress σ0.2 - and plotted against the cross-section slenderness λ¯p.
The slenderness λ¯p has been taken as the cross-section slenderness making due allowance for
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element interaction in sections comprised of plate assemblies, as explained in Section 7.3.1.1.
As covered in Chapters 3 and 4, the occurrence of strength enhancements induced during man-
ufacturing of cold-formed sections results in an increase in the load carrying capacity of the
structural member. Hence, for the comparisons shown in Figures 7.1 and 7.2, in order to isolate
the increases in cross-section resistances in compression and bending due to strain hardening
effects under load only, and not during section forming, the cross-section weighted average 0.2%
proof stress, allowing for the strength enhancements in the corner regions and flat faces of cold-
formed sections as recommended in Cruise and Gardner (2008b) has been employed.
The collected results shown in Figures 7.1 and 7.2 clearly reveal significant under-prediction
of the capacity of stocky cross-sections due to the lack of allowance for strain hardening. The
continuous strength method, described in the following sections, is proposed to address this
shortcoming.
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Figure 7.1: Comparison of 81 stub column test results with the EN 1993-1-4 provisions
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Figure 7.2: Comparison of 65 beam test results with the EN 1993-1-4 provisions
7.3 Development of the continuous strength method
The continuous strength method (CSM) is a strain based design approach featuring two key
components - (1) a base curve that defines the level of strain that a cross-section can carry in a
normalised form and (2) a material model, which allows for strain hardening and, in conjunction
with the strain measure, can be used to determine the cross-section resistance.
7.3.1 Design base curve
A fundamental feature of the CSM is relating the cross-section resistance to the cross-section
deformation capacity, which is controlled by the cross-section slenderness and its susceptibility
to local buckling effects. The cross-section deformation capacity determines the ability of the
section to advance into the strain hardening region and hence sustain increased loading. A
design base curve, providing a continuous relationship between the normalised cross-section de-
formation capacity and the cross-section slenderness, has been established on the basis of both
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stub column test data and beam in-plane bending test data.
7.3.1.1 Cross-section slenderness definition
In determining the cross-section slenderness, the buckling coefficients kσ, used in the plate slen-
derness definition Equation (7.1), provided in EN 1993-1-5 (2006) are based on the assumption
that the section plate elements are hinged along their common boundaries, so that each plate
acts as if simply supported along its connected boundary or boundaries and free along any un-
connected boundary. For a section in pure compression, the slenderness of each plate element
can then be determined using kσ = 4, for plate elements with both common boundaries con-
nected (referred to as an internal element), or 0.425, for plate elements with one connected and
one free boundary (referred to as an outstand element). A similar approach may be employed
for a section in bending with kσ = 0.425 or 4, as appropriate, used for the compressive plate
element and kσ = 23.9 used for the internal flexural plate element. The overall cross-section
slenderness is then taken as that of the most slender element in the cross-section. In Equation
(7.1), b¯ is the flat element width, t is the thickness and ε = [(235/σy)/(E/210000)]
0.5 is the
material factor.
λ¯p =
b¯/t
28.4ε
√
kσ
(7.1)
Treating the section plate elements as isolated components is in fact conservative as the rigidity
of the joints between the plate elements causes all plates to buckle simultaneously at a stress
intermediate between the lowest and the highest of the buckling stresses of the individual plate
elements. Hence, to allow for the beneficial effects of plate element interaction in the local buck-
ling of sections with plate assemblies, the CSM allows the section slenderness to be determined
on the basis of the full section.
Within the CSM, the cross-section slenderness is defined in non-dimensional form as the square
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root of the ratio of the yield stress σy to the elastic buckling stress of the section. For structural
sections consisting of a series of interconnected plates, the elastic buckling stress of the full
cross-section σcr,cs, allowing for element interaction, may be determined by means of existing
numerical (Li and Schafer, 2010) or approximate analytical methods (Seif and Schafer, 2010).
Seif and Schafer (2010) investigated the influence of element interaction on the prediction of
the elastic local buckling stress of structural sections. Finite strip analyses were performed
using the developed CUFSM finite strip analysis programme (Li and Schafer, 2010). Sections
considered were simplified to their centreline geometry and analysed under various loading con-
ditions, including: compression, bending about the major axis and bending about the minor
axis. The cross-section elastic local buckling stress values found from the finite strip analysis
were converted into local plate buckling coefficients kσ and used to develop new approximate
analytical expressions for design. The section elastic buckling stress values in this study were
determined by means of the CUFSM programme directly.
Determination of cross-section resistance based on the slenderness of the whole sections has
been used in the direct strength method (DSM) (Schafer, 2008) and also adopted in the analysis
performed herein. This cross-section slenderness definition is given by Equation (7.2) and will
initially relate to the centreline dimensions.
λ¯p =
√
σy
σcr,cs
based on centreline dimensions (7.2)
To maintain consistency with the codified slenderness definitions in EN 1993-1-4 (2006) and
EN 1993-1-5 (2006), which is based on the flat element widths, the resulting slenderness values
can be multiplied by the maximum flat to centreline width ratio (cflat/ccl)max of the section as
given by Equation (7.3).
λ¯p =
√
σy
σcr,cs
(
cflat
ccl
)
max
based on flat element width (7.3)
Alternatively, as recommended in EN 1993-1-4 (2006) and EN 1993-1-5 (2006), the section
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elastic buckling stress may be taken as the lowest of those of its individual plate elements
σcr,p,min, resulting in the section slenderness definition given in Equation (7.4), where kσ is the
appropriate buckling coefficient, taking due account of the plate support conditions and the
applied stress distribution, as set out in EN 1993-1-5 (2006), of the plate element with the
lowest elastic buckling stress.
λ¯p =
√
σy
σcr,p,min
=
b¯/t
28.4ε
√
kσ
(7.4)
7.3.1.2 Cross-section deformation capacity definition
Cross-section deformation capacity is defined in a normalised format and is taken for stocky
sections as the strain at the ultimate load divided by the yield strain. A slight modification
is made to this definition for compatibility with the chosen material model, as described later.
The normalised deformation capacity, referred to as the strain ratio εcsm/εy, can be determined
from both stub column and beam test results.
First, the limiting slenderness defining the transition between slender cross-sections (i.e., those
that fail due to local buckling below the yield load) and non-slender cross-section (i.e., those
that benefit from strain hardening and fail by inelastic local buckling above the yield load)
should be defined. This limit may be determined with reference to the stainless steel test data
shown in Figure 7.1, equivalent test data for other metallic materials including carbon steel
(Gardner et al., 2011) and aluminium alloys (Su et al., 2012) and existing Class 3-4 slenderness
limits (EN 1993-1-4, 2006; EN 1993-1-1, 2005 and Gardner and Theofanous, 2008).
A linear regression fit to the test data of Figure 7.1 indicates that, the point on the line where
Nu,test/Aσ0.2 equals unity occurs at λ¯p = 0.68; a similar value is obtained from equivalent car-
bon steel and aluminium alloy test data. A range of slenderness limits appear in different design
standards and research papers. The existing slenderness limits corresponding to the Class 3-4
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width-to-thickness ratio (shown in brackets) are: for internal compression elements, 0.739 (42ε)
(EN 1993-1-1, 2005) for carbon steel, 0.540 (30.7ε) (EN 1993-1-4, 2006) and 0.651 (37ε) (Gard-
ner and Theofanous, 2008) for stainless steel; for outstand elements, 0.756 (14ε) (EN 1993-1-1,
2005) for carbon steel, 0.642 (11.9ε) and 0.594 (11ε) for cold-formed and welded stainless steel
respectively (EN 1993-1-4, 2006) and 0.756 (14ε) (Gardner and Theofanous, 2008) for stainless
steel. Based on full carbon steel cross-sections, a limit of 0.776 (Schafer, 2008) is given by the
DSM, but, in conjunction with a higher partial safety factor than recommended in European
standards.
Considering the available information, to make the transition between slender and non-slender
sections a common limit for stainless steel, carbon steel and aluminium alloys, λ¯p = 0.68 is
adopted. This slenderness value also marks the limit of applicability of the CSM (i.e. λ¯p ≤ 0.68),
since beyond this limit there is no significant benefit to be derived from strain hardening, and
slender sections may be adequately treated by means of the existing effective width method
(EN 1993-1-4, 2006 and EN 1993-1-5, 2006) or the DSM (Schafer, 2008).
For stub columns where the ultimate test load Nu exceeds the section yield load Ny, the end
shortening at the ultimate load δu divided by the stub column length L is used to define the
failure strain of the cross-section εlb due to inelastic local buckling - as shown in Figure 7.3. For
compatibility with the adopted simplified material model (see Section 7.3.2), the deformation
capacity εcsm is obtained by subtracting the plastic strain at the 0.2% proof stress (i.e. 0.002)
from the actual local buckling strain εlb, as given in Equation (7.5). Expressing the cross-section
deformation capacity in a normalised format, by dividing by the defined yield strain εy = σy/E
enables materials of different strength and stiffness to be considered together and compared.
For sections that fail before reaching their yield load, the deformation response is influenced
by elastic buckling and post-buckling behaviour and the former definition of the local buckling
strain is inappropriate and would lead to over predictions of capacity (Ashraf et al., 2008).
Hence the ratio of the ultimate load attained to the yield load is used to provide a suitable al-
ternative measure of the strain ratio - as given in Equation (7.6). This is also used to define the
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strain ratio for slender sections, Equation (7.7), where the cross-section slenderness is greater
than the specified limit of 0.68.
For λ¯p ≤ 0.68:
εcsm
εy
=
εlb − 0.002
εy
=
δu/L− 0.002
εy
for Nu ≥ Ny (7.5)
εcsm
εy
=
Nu
Ny
for Nu < Ny (7.6)
For λ¯p > 0.68:
εcsm
εy
=
Nu
Ny
(7.7)
 
δu 
Ny 
Nu 
u
lb
csm lb
δ
ε =
L
ε = ε - 0.002
 
 
 
 
N 
δ 
Figure 7.3: Stub column load end-shortening response (Nu > Ny).
In bending, assuming plane sections remain plane and normal to the neutral axis, there is a
linear relationship between strain ε and curvature κ as given by Equation (7.8), where y is the
distance from the neutral axis. Hence, analogous to the use of stub column test data, similar
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definitions of normalised cross-section deformation capacity may be established based on beam
test results.
ε = κy (7.8)
The results of 4 point bending tests, which have a region of uniform curvature between the
loading points, have been considered herein. For beams where the ultimate moment resistance
Mu exceeds the section elastic moment capacity Mel, the total curvature at the ultimate moment
κu,total multiplied by the distance from the neural axis to the extreme compressive fibre in the
cross-section ymax is used to define the strain at failure due to inelastic local buckling εlb - see
Figure 7.4. The corresponding strain ratio is obtained following a similar approach to the stub
column test results and is given by Equation (7.9); κel is the elastic curvature corresponding
to Mel and is given as Mel/EI , where E is the material Young’s modulus and I is the section
second moment of area. For sections which fail before reaching their elastic moment capacity,
the ratio of the ultimate moment resistance to the section elastic moment capacity is used to
define the strain ratio, as given in Equation (7.10). The same definition is employed for slender
sections, given by Equation (7.7). The assumed compressive and bending strain distributions
across the cross-section are illustrated for an I-section in Figure 7.5.
For λ¯p ≤ 0.68:
εcsm
εy
=
εlb − 0.002
εy
=
κu,total ymax − 0.002
κelymax
for Mu ≥ My (7.9)
εcsm
εy
=
Mu
My
for Mu < My (7.10)
For λ¯p > 0.68:
εcsm
εy
=
Mu
My
(7.11)
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Figure 7.4: Beam moment-curvature response (Mu > Mel)
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Figure 7.5: (a) I-section geometry (b) Uniform compressive strain distribution (c) Pure bending
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7.3.1.3 Experimental database and proposed base curve
Test data on stainless steel stub columns and 4 point bending tests from a broad spectrum of
existing testing programs (Kuwamura, 2003; Saliba and Gardner, 2013; Gardner and Nethercot,
2004a; Talja and Salmi, 1995; Gardner et al., 2006; Theofanous and Gardner, 2009; Stangenberg,
2000a; Stangenberg, 2000b; Rasmussen and Hancock, 1993a; Yuan et al., 2012; Rasmussen and
Hancock, 1993b; Zhou and Young, 2005; Chapter 5) were gathered and combined with equiva-
lent carbon steel data (Gardner et al., 2011) for the development of the design base curve. Using
the criteria described above, the test data were plotted on a graph of normalised deformation
capacity εcsm/εy versus cross-section slenderness, as shown in Figure 7.6.
A continuous function of the general form given by Equation (7.12) was then fitted to the test
data; this function is similar in form to the established relationship between normalised critical
elastic buckling strain εcr/εy and plate slenderness for flat plate elements given by Equation
(7.13), but will differ due to the effects of inelastic buckling, imperfections, residual stresses and
post-buckling response. The values of A and B were determined following a regression fit of
Equation (7.12) to the test data, ensuring that the resulting curve passes through the identified
limit between slender and non-slender sections, i.e. (0.68, 1) point, resulting in Equation (7.14).
Two upper bounds have been placed on the predicted cross-section deformation capacity; the
first limit of 15 corresponds to the material ductility requirement expressed in EN 1993-1-1
(2005) and prevents excessive strains, while the second limit of 0.1εu/εy, where εu is the strain
corresponding to the ultimate tensile stress of the material, is related to the adopted stress-
strain material model, and ensures no significant over-predictions of the failure stress and hence
cross-section resistance can occur.
εcsm
εy
=
A
λ¯Bp
(7.12)
εcr
εy
=
1
λ¯2p
(7.13)
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εcsm
εy
=
0.25
λ¯3.6p
but
εcsm
εy
≤ min(15, 0.1εu
εy
) (7.14)
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Figure 7.6: Base curve - relationship between strain ratio and cross-section slenderness
7.3.2 Material modelling
Earlier versions of the CSM utilised the Ramberg-Osgood material model (Gardner, 2002;
Ashraf et al., 2008; Gardner and Theofanous, 2008), which resulted in relatively complex resis-
tance expressions. It was found that similar accuracy could in fact be achieved with simpler
material models, and the design expressions become more suitable for structural designers and
inclusion in design codes.
The CSM now employs an elastic, linear hardening material model. The origin of the adopted
material model starts at 0.2% off set plastic strain, which combined with the strain ratio defi-
nitions, provided in Section 7.3.1.2, predicts the correct corresponding stress. The yield stress
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point is defined as (σy, εy), where σy is taken as the material 0.2% proof stress and εy is the
corresponding elastic strain εy = σy/E, where E is the slope of the elastic region and is taken
as the material’s Young’s modulus. The strain hardening slope is determined as the slope of
the line passing through the defined yield point (σy, εy) and a specified maximum point (σmax,
εmax) with εmax taken as 0.16εu, where εu is the ultimate tensile strain, and σmax is taken as the
ultimate tensile stress σu, as given by Equation (7.15). The strain value of 0.16εu was defined
on the basis of a best fit to the early stages of a series of stainless steel material stress-strain
curves. The strain at the material ultimate tensile stress εu is determined from Annex C of EN
1993-1-4 (2006) and is given by Equation (7.16). This approach has been verified for austenitic
and duplex stainless steels, but may require modification for application to ferritic stainless
steels. A schematic diagram of the material model employed is shown in Figure 7.7.
Esh =
σu − σy
0.16εu − εy (7.15)
εu = 1− σy
σu
(7.16)
Stress
Strain
Ramberg-Osgood model
CSM model
σy
σu
0.1εu 15εy 0.16εuεy0.002
Figure 7.7: CSM elastic, linear hardening material model
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7.4 Cross-section compression and bending resistance
Having established the normalised deformation capacity of the cross-section εcsm/εy from the
design base curve, Equation 7.14, the limiting strain εcsm may now be used in conjunction with
the proposed elastic, linear hardening material model to determine the cross-section resistances
in compression and bending.
For sections with λ¯p ≤ 0.68, the cross-section compression resistance Nc,Rd is given by Equation
(7.17), where A is the gross cross-sectional area, σcsm is the limiting stress determined from the
strain hardening material model, resulting in Equation (7.18) and γM0 is the material partial
safety factor as recommended in EN 1993-1-4 (2006).
Nc,Rd = Ncsm,Rd =
Aσcsm
γM0
(7.17)
σcsm = σy + Eshεy
(
εcsm
εy
− 1
)
(7.18)
Assuming that plane sections remain plane and normal to the neutral axis in bending, the
corresponding linearly-varying strain distribution may be used in conjunction with the material
model to determine the cross-section in-plane bending resistance Mcsm through Equation (7.19),
where σ is the stress in the section with a maximum outer fibre value of σcsm, y is the distance
from the neutral axis and dA is the incremental cross-sectional area.
Mcsm =
∫
A
σy dA (7.19)
For sections with λ¯p ≤ 0.68, the cross-section bending resistance (i.e. the result of Equation
(7.19)) may be approximated by Equations (7.20) and (7.21) for major axis (y-y) and minor
axis (z-z) bending, respectively, where Wpl is the plastic section modulus, Wel is the elastic
section modulus and α is 2.0 for SHS/RHS and 1.2 for I-sections. A detailed description of the
derivation of the CSM bending resistance equations is given in (Gardner et al., 2011).
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My,c,Rd = My,csm,Rd =
Wpl,yσy
γM0
[
1 +
Esh
E
Wel,y
Wpl,y
(
εcsm
εy
− 1
)
−
(
1− Wel,y
Wpl,y
)/(
εcsm
εy
)2]
(7.20)
Mz,c,Rd = Mz,csm,Rd =
Wpl,zσy
γM0
[
1 +
Esh
E
Wel,z
Wpl,z
(
εcsm
εz
− 1
)
−
(
1− Wel,z
Wpl,z
)/(
εcsm
εy
)α]
(7.21)
7.5 Comparison with test data and design models
The predictions from the method have been compared with experimental results on 81 stainless
steel stub columns and 65 beams, referenced in Section 3.2. It has been shown that the method
offers improved mean resistance and reduced scatter compared to the EN 1993-1-4 (2006) design
rules which are known to be conservative for stocky cross-sections - as illustrated in Figures
7.8 and 7.9. Key numerical comparisons, including the mean and the coefficient of variation
(COV), of the CSM and the EN 1993-1-4 (2006) predictions with the test data are presented in
Tables 7.1 and 7.2 for the stub columns and the beams, respectively.
Table 7.1: Comparison of the CSM and EN 1993-1-4 predictions with the stub column test
results
No. of tests: 81 Ntest/NEC3 Ntest/Ncsm Ncsm/NEC3
Mean 1.222 1.093 1.119
COV 0.082 0.069 -
Table 7.2: Comparison of the CSM and EN 1993-1-4 predictions with the beam test results
No. of tests: 65 Mtest/MEC3 Mtest/Mcsm Mcsm/MEC3
Mean 1.351 1.139 1.186
COV 0.098 0.085 -
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Figure 7.8: Comparison of the stub column tests with the CSM and EN 1993-1-4 predictions
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
M
u,
te
st
/M
u,
pr
ed
Cross-section slenderness
CSM
EN 1993-1-4
λ�p 
Figure 7.9: Comparison of the beam tests with the CSM and EN 1993-1-4 predictions
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7.6 Reliability Analysis
In order to verify the CSM design equations, a standard reliability analysis in accordance with
EN 1990 - Annex D (2002) was performed. EN 1990 - Annex D (2002) employs a First Order
Reliability Method (FORM) for calibration of the design functions. The aim of the analysis is to
produce appropriate partial safety factors, referred to as the γM0 values for cross-section resis-
tance, to ensure that the level of reliability of the resistance functions conform to the Eurocode
target reliability requirement. The reliability analysis procedure, provided in EN 1990-Annex
D (2002), is presented as a number of discrete steps, and assumptions regarding the test pop-
ulation are also made. These assumptions are considered as recommendations, covering the
common loading scenarios, and necessary adjustments need to be performed in applying the
method to more complex cases.
Assumptions:
1. The resistance function is a function of a number of independent variables X;
2. A sufficient number of test results is available;
3. All relevant geometric and material properties are measured;
4. There is no statistical dependence between the variables in the resistance function and
5. All variables follow either a normal or log-normal distribution
Step 1: Develop a design model :
A function grt(X), providing a design model for the theoretical resistance rt of the structure,
covering all the relevant basic variables that affect the resistance at the relevant limit state, is
developed, Equation (7.22).
rt = grt(X) (7.22)
Step 2: Comparison of the experimental and theoretical values:
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The theoretical resistance values rti, obtained from the resistance function evaluated for the
test measured properties, are compared with the experimental values rei from each test. The
results are presented in an re versus rt plot, and the cause of any systematic deviation is also
investigated.
Step 3: Estimate the mean value correction factor b:
The probabilistic model of the resistance r is represented as in Equation (7.23), where b is the
average ratio of experimental to model resistance based on a least squares fit to the data, calcu-
lated as in Equation (7.24), and δ is the error term related to the deviation of the experimental
resistance values to the mean strength function.
r = brtδ (7.23)
b =
∑
rert∑
r2t
(7.24)
Step 4: Estimate the coefficient of variation of the error :
The coefficient of variation Vδ of the error term, δi, assuming a log-normal distribution, is
defined in Equation(7.25).
Vδ =
√
exp(s2∆)− 1 (7.25)
where,
δi =
rei
brti
is the error term for each ith experimental data (7.26)
∆i = ln(δi) is the natural log of the error term for each ith experimental data point (7.27)
∆¯ =
1
n
i=n∑
i=1
∆i is the average value for the error term (7.28)
s2∆ =
1
n− 1
i=n∑
i=1
(∆i − ∆¯)2 is the variance of the error term (7.29)
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Step 5: Analyse the compatibility :
The compatibility of the assumptions made in the resistance function and the real behaviour
of the test population is analysed. The degree of scatter of the (re, rt) data is assessed by con-
sidering the Vδ value from Step 4. If the scatter of the experimental and the theoretical values
is too high to give an economical design resistance model, procedures to reduce the scatter
are required. The scatter may be reduced by correcting the design model to take into account
parameters which had previously been ignored or by modifying b and Vδ by dividing the total
test population into appropriate sub-sets for which the influence of such additional parameters
may be considered to be constant.
In this study, both the stub column and the beam test results were split into sub-sets based
on their material grade. The disadvantage of splitting the test results into sub-sets is that the
number of test results in each sub-set can become very small. In order to avoid unreasonably
large safety factors as a result of this, EN 1990 - Annex D (2002) recommends use of the total
number of the test population for determining the kd,n fractile factor.
Step 6: Determine the coefficient of variation VXi of the basic variables:
The coefficient of variation of the basic variables included in the resistance function is gener-
ally determined on the basis of prior knowledge. Statistical data on the geometrical properties
and material strength of stainless steel cross-sections used in a recent study (SCI, 2013) to
re-evaluate the partial safety factors provided in EN 1993-1-4 (2006) were also adopted for the
analysis carried out herein. The coefficient of variation of geometric properties of structural
stainless sections was taken as 0.05. The material over-strength factor (mean strength/nominal
specified strength) was taken as 1.30, 1.10 and 1.20 for the austenitic, duplex/lean duplex and
ferritic stainless steel grades, respectively. The adopted values of coefficient of variation associ-
ated with the material strength were 0.066, 0.49 and 0.50 for the austenitic, duplex/lean duplex
and ferritic stainless steel grades, respectively.
Step 7: Determine the design value of resistance (Method b):
For the case of a limited number of tests (n < 100) the design resistance value rd is obtained
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from Equation (7.30).
rd = bgrt(Xm)exp(−kd,∞αrtQrt − kd,nαδQδ − 0.5Q2) (7.30)
For the case of a large number of tests (n ≥ 100) the design resistance value rd is obtained from
Equation (7.31).
rd = bgrt(Xm)exp(−kd,∞Q− 0.5Q2) (7.31)
where b is the mean value correction factor, grt(Xm) is the design resistance model evaluated for
the mean value of basic variables from tests, kd,n is the design fractile factor, kd,∞ is the design
fractile factor for n tending to infinity, αrt is the weighting factor for Qrt, αδ is the weighting
factor for Qδ and Qrt, Qδ and Q are defined by Equation (7.32), (7.33) and (7.34) respectively.
Qrt = σln(rt) =
√
ln(V2rt + 1) (7.32)
Qδ = σln(rδ) =
√
ln(V2δ + 1) (7.33)
Q = σln(r) =
√
ln(V2r + 1) (7.34)
αrt =
Qrt
Q
(7.35)
αδ =
Qδ
Q
(7.36)
If the probabilistic model of the resistance equation for j basic variables is a product function
of the form Equation (7.37), V2rt may be calculated by Equation (7.38).
r = brtδ = b{X1 ×X2 ×Xj}δ (7.37)
V2rt =
i=n∑
i=1
V2Xi (7.38)
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For small values of V2rt and V
2
δ , the approximation presented in Equation (7.39) may be used
to calculate V2r .
V2r = V
2
rt + V
2
δ (7.39)
Step 8: Determine the partial factor γM
The partial factor accounting for model uncertainties, material property and dimensional vari-
ations, is determined from Equation (7.40).
γM =
rn
rd
(7.40)
where rn is the nominal resistance which is obtained by evaluating the resistance function for the
nominal values of the basic variables and rd is the design resistance obtained from the statistical
analysis procedures outlined in Steps (1)-(7), using the measured values of the basic variables.
Figures 7.10 and 7.11 show the theoretical resistance predicted by the CSM functions plotted
against the test results for the stub columns and the beams, respectively. The predictions
from EN 1993-1-4 (2006) are also added for comparison. The main results of the reliability
analysis as applied to the CSM resistance functions are summarised in Tables 7.3 and 7.4 for
the compression and bending resistances, respectively. The analyses indicate that partial safety
factors γM0 less than the currently adopted value of 1.1 in EN 1993-1-4 (2006) are generally
obtained with the CSM design resistance functions, except for the cases of compression resistance
of ferritic and bending resistance of duplex/lean duplex stainless steel sections. The higher
partial safety factor obtained for the ferritics is believed to be due to the inaccuracy of the
equation proposed for determining the strain hardening slope for ferritic material and further
work in improving the material model for this grade is currently underway. The obtained γM0
value for the bending resistance of duplex/lean duplex grades is only marginally higher than the
recommended 1.1 value. This is deemed acceptable given that many of the current EN 1993-1-4
(2006) provisions also imply γM0 values greater than 1.1 (SCI, 2013).
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Figure 7.10: Experimental and predicted compression resistance
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Figure 7.11: Experimental and predicted bending resistance
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Table 7.3: Summary of the CSM reliability analysis results for compression resistance
Stainless steel grade No. of tests kd,n b Vδ Vr γM0
Austenitic 57 3.125 1.090 0.078 0.114 1.01
Duplex/Lean duplex 17 3.125 1.072 0.037 0.079 1.09
Ferritic 7 3.125 1.053 0.086 0.111 1.13
Table 7.4: Summary of the CSM reliability analysis results for bending resistance
Stainless steel grade No. of tests kd,n b Vδ Vr γM0
Austenitic 43 3.247 1.072 0.090 0.122 1.06
Duplex/Lean duplex 22 3.247 1.122 0.077 0.104 1.13
7.7 Worked examples
Two examples are provided in this section to demonstrate the workings of the CSM for the
design of stainless steel cross-sections in compression and bending. The design calculations for
an I-section in compression and an RHS in bending are presented in Examples I and II, respec-
tively. The geometric and material properties of the tested specimens have been used and all
factors of safety have been set to unity, to allow direct comparison with the test results.
7.7.1 Example I: Compression resistance
The CSM predicted compression resistance of I-section 160× 80× 10× 6 stub column, tested
in Stangenberg (2000a), was determined as follows:
Cross-section geometric and material properties:
h=158.80 mm tw=6.00 mm E=198000 N/mm
2 εy=299/198000=0.00151
b=79.50 mm Weld size=4.24 mm σy = 299 N/mm
2 εu=1-299/610=0.51
tf=9.86 mm A=2402.22 mm
2 σu = 610 N/mm
2
Determine cross-section slenderness:
λ¯p =
√
σy
σcr,cs
=
√
299
1867
= 0.40
where σcr,cs = 1867 N/mm
2 was obtained directly from the CUFSM software (Li and Schafer,
2010).
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Multiplying by (cflat/ccl)max, where cflat is the flat element width and ccl is the centreline element
width.
0.40× 0.877 = 0.35 (< 0.68 ∴ CSM applies)
(Note: λ¯p = 0.45 based on the most slender element in the section).
Determine the cross-section deformation capacity :
εcsm
εy
=
0.25
0.353.6
= 10.85 < min
(
15, 0.1
εu
εy
)
Determine the strain hardening slope:
Esh =
σu − σy
0.16εu − εy =
610− 299
0.16× 0.51− 0.00151 = 3883 N/mm
2
Determine the cross-section compression resistance:
σcsm = σy + Eshεy
(
εcsm
εy
− 1
)
= 299 + 3883× 0.00151(10.85− 1) = 356.76 N/mm2
Nc,Rd = Ncsm,Rd =
2402.22× 356.76
1.0
= 857.01 kN
[Test ultimate load=885.00 kN; EN 1993-1-4 (2006) predicted compression resistance=718.26
kN].
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7.7.2 Example II: In-plane bending resistance
The CSM predicted in-plane bending resistance of RHS 150× 100× 6 about its major axis,
tested in Talja and Salmi (1995), was determined as follows:
Cross-section geometric and material properties:
h=149.90 mm ri=4.50 mm Wel=110128 mm
3 σu = 654 N/mm
2
b=100.20 mm A=2714.71 mm2 E=193000 N/mm2 εy=367/193000=0.00190
t=5.85 mm Wpl=134807 mm
3 σy = 367
(1) N/mm2 εu=1-367/654=0.44
(1) This is the cross-section weighted average yield strength, allowing for corner strength
enhancement.
Determine cross-section slenderness:
λ¯p =
√
σy
σcr,cs
=
√
367
3533
= 0.32
where σcr,cs = 3533 N/mm
2 was obtained directly from the CUFSM software (Li and Schafer,
2010).
Multiplying by (cflat/ccl)max, where cflat is the flat element width and ccl is the centreline element
width.
0.32× 0.897 = 0.289 (< 0.68 ∴ CSM applies)
(Note: λ¯p = 0.31 based on the most slender element in the section).
Determine the cross-section deformation capacity :
εcsm
εy
=
0.25
0.2893.6
= 21.81 > min
(
15, 0.1
εu
εy
)
∴ εcsm
εy
= 15
Determine the strain hardening slope:
Esh =
σu − σy
0.16εu − εy =
654− 367
0.16× 0.44− 0.00190 = 4190 N/mm
2
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Determine the cross-section in-plane bending resistance:
My,c,Rd = My,csm,Rd
=
Wpl,yσy
γM0
[
1 +
Esh
Ey
Wel,y
Wpl,y
(
εcsm
εy
− 1
)
−
(
1− Wel,y
Wpl,y
)/(
εcsm
εy
)2]
=
367× 134808
1.0
[
1 +
4190
193000
× 110128
134808
(15− 1)−
(
1− 110128
134808
)
/152
]
= 61.80 kNm
[Test ultimate moment=70.54 kNm; EN 1993-1-4 (2006) predicted bending resistance=49.41
kNm].
7.8 Concluding remarks
The importance of strain hardening in the design of stainless steel structures was highlighted.
A newly developed design method called the continuous strength method, providing a rational
exploitation of strain hardening was presented. The evolution of the method for stainless steel
structures, covering its recent simplifications and refinements, was described in detail. A new
elastic, linear hardening material model, in place of the compound Ramberg-Osgood material
model employed in previous versions of the method, was adopted, resulting in simplified design
resistance expressions for the cross-section compression and in-plane bending capacities. The
design base curve relating the cross-section normalised deformation capacity to its slenderness
was re-established based on a more rigorous approach. The new base curve is different from
its previous versions in that (1) it is based on a larger experimental database (2) both in-plane
bending beam test data, in addition to traditionally used stub column test results, were included
(3) the slenderness definition takes into consideration element interaction effects by adopting
the slenderness of the complete cross-section (4) the fitted normalised deformation capacity
measure expression is of simpler mathematical form. In addition, a maximum slenderness
limit of 0.68 was introduced to define the transition from slender to non-slender cross-sections
which also marks the applicability of the CSM, with more slender sections covered by the
existing effective width or DSM approaches. Test data from stainless steel stub columns and
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in-plane bending tests were used to make comparisons with the predicted results from the new
proposed CSM and the EN 1993-1-4 (2006) guidelines. Reliability analyses were also performed
to statistically validate the method for compression and in-plane bending resistances of stainless
steel structural sections. It was shown that the method offers improved mean resistance and
lower scatter compared to the EN 1993-1-4 (2006) provisions, leading to more economical design.
The method is now incorporated in AISC Design Guide 27: Structural Stainless Steel (2013)
and is also published in Afshan and Gardner (2013a).
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8 Conclusions and suggestions for future
research
In this chapter, the key research findings and principal conclusions reached in this thesis are
summarised. Recommendations for future research, building on that carried out in this thesis,
are made thereafter.
8.1 Conclusions
Considering the higher comparative material cost of stainless steel relative to carbon steel, the
importance of grade selection as well as the development and use of efficient design methods,
in accordance with its observed stress-strain response, has been emphasised throughout this re-
search project. Ferritic stainless steels, with little or no nickel content, have substantially lower
initial material cost compared to the more commonly used austenitic stainless steel grades and
were considered in this thesis as a possible alternative for light structural applications. Test-
ing and analysis of cold-formed ferritic stainless steel elements, together with the development
of design guidance, were therefore key components of the research. Alongside the studies on
ferritic stainless steels, methods of harnessing the extra strength enhancements induced during
cold-forming of stainless steel sections generally, as well as a deformation based design approach
for the design of stainless steel structural components, utilising its strain hardening character-
istics, were developed.
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To measure the level of strength enhancements induced during section forming of cold-formed
structural sections, as a result of the generated plastic deformations, an extensive material test
programme was conducted in Chapter 3. The programme consisted of 51 flat coupon tests, 28
corner coupon tests and 6 full section tensile tests, covering a total of 18 cold-formed structural
sections, including Square Hollow Sections (SHS), Rectangular Hollow Sections (RHS) and Cir-
cular Hollow Section (CHS) from a selection of stainless steel and carbon steel grades. Full
details of the experimental procedures, the adopted test configurations and the obtained test
results were reported in Chapter 3. A review of the Ramberg-Osgood model, which is com-
monly used for modelling the stress-strain response of non-linear materials, and description of
a robust curve fitting procedure for determining its parameters from test results, were also pro-
vided. In addition to utilising the obtained test results for the purpose of studying the cold-work
induced strength enhancements, the data were combined with existing measured stress-strain
data on cold-formed stainless steel sections from the literature to propose revised values for
the compound Ramberg-Osgood model parameters. The recommended values were compared
with the codified values provided in the AS/NZS 4673 (2001), SEI/ASCE-8 (2002) and EN
1993-1-4 (2006) specifications. It was found that the values obtained for the strain hardening
exponent n were in accordance with the anticipated material response, having the lowest value
for the austenitic grades, the highest value for the ferritic grades and an intermediate value for
the duplex grades which is not reflected in the current codified n values. The recommended n
values from this study have been adopted in the AISC Design Guide 27: Structural Stainless
Steel (2013). A simple, accurate and consistent technique for calculating the material Young’s
modulus from tensile stress-strain curves was also proposed, which was applied to the obtained
test results. Based on analysis of the data set, it was recommended that a single Young’s mod-
ulus value of 195000 N/mm2 may be adopted for the stainless steel grades considered in this
study, though to two significant figures, this could be taken as 200000 N/mm2. In addition,
the suitability of the EN 1993-1-4 (2006) Annex C expression for determining the strain at the
ultimate tensile stress was confirmed as being accurate for austenitic and duplex stainless steel
grades.
Complementary to the experimentation and analysis of Chapter 3, Chapter 4 involved the
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development of predictive models for determining the strength enhancements in cold-formed
structural sections. A review of the literature proposed predictive models, focusing on two
more recent models developed by Cruise and Gardner (2008b) and Rossi (2008) was first pre-
sented. A comprehensive experimental database of tensile coupon tests, including the tests
carried out in Chapter 3 and those collected from the literature, was used to make comparisons
with the predictive models. In addition to performing numerical comparisons between the re-
sults of the two models, it was highlighted that while the Rossi (2008) predictive model may be
applied to any structural section of non-linear material, the Cruise and Gardner (2008b) model
was developed solely for austenitic stainless steel structural sections. Also, Rossi’s (2008) pre-
dictive equation was considered too lengthy to implement in practical design calculations. To
overcome these shortcomings, improvements to the existing models were made, and a new pre-
dictive model was developed. The proposed model uses a power law to mimic the stress-strain
response of the unformed sheet material and, in conjunction with accurate cold-form induced
plastic strain measures, is able to accurately predict the enhanced strength of cold-formed sec-
tions during fabrication. Statistical analyses were also carried out to ensure that the current
level of reliability of the European design standards is maintained when the new predictive
model is incorporated in design. The new proposed model provides good predictions of the
test data, is simple to use in structural calculations and is applicable to any metallic structural
sections.
To investigate the behaviour of cold-formed ferritic stainless steel tubular structural elements, a
laboratory testing programme, considering two square and two rectangular hollow section sizes
was carried out, focusing on grades EN 1.4003 and EN 1.4509. 8 stub column tests, 15 flexural
buckling tests, 8 beam tests and a total of 36 material tests were carried out, full details of which
were presented in Chapter 5. The stub column and beam test results were used to assess the
applicability of the cross-section classification limits provided in North American (SEI/ASCE-
8, 2002) and European (EN 1993-1-4, 2006) Specifications to ferritic stainless steel structural
components, where it was concluded that existing limits can safely be applied. The flexural
buckling test results were compared with the buckling curves given in EN 1993-1-4 (2006),
SEI/ASCE-8 (2002) and AS/NZS 4673 (2001), after which revised curves, providing a better
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representation of the test data over the considered slenderness range, were proposed. Finally,
the performance of the ferritic SHS/RHS in compression and bending relative to other stainless
steel grades (austenitic, duplex and lean duplex) was also considered. Overall, ferritic stainless
steel showed similar normalised structural behaviour to the other commonly used stainless steel
grades which, combined with its lower material cost, makes it an attractive choice for structural
applications.
The structural fire behaviour of cold-formed ferritic stainless steel tubular columns was investi-
gated in Chapter 6. The results of tensile coupon tests on a total of five ferritic stainless steel
grades at elevated temperature from the literature were firstly used to derive suitable strength
and stiffness retention factors. A numerical study using the finite element analysis package
ABAQUS, on the buckling behaviour of ferritic stainless steel columns in fire was then carried
out. The finite element models were initially validated against a total of nine austenitic and
three ferritic stainless steel column test results. Following successful validation, parametric
studies were performed to investigate the effects of variation of load level, local slenderness
and global slenderness on the elevated temperature buckling response of ferritic stainless steel
columns, and to extend the range of structural performance data. The test results on fer-
ritic stainless steel columns combined with the generated parametric study results were used
to assess the current codified and literature proposed methods for the design of stainless steel
columns in fire, as applied to ferritic stainless steels. Rationalised design strength parameters
and a consistent approach to cross-section classification and treatment of local buckling were
proposed. A revised buckling curve for the design of ferritic stainless steel columns in fire was
also proposed which, with the other proposed modifications, provides improved mean predicted
resistance with low scatter.
The recent generation of International stainless steel design standards have been developed
largely in line with carbon steel design guidelines, which assume idealised elastic, perfectly plas-
tic material behaviour, hence neglecting the beneficial strain hardening effects. In Chapter 7,
the newly developed continuous strength method was presented. The method allows for strain
hardening in its formulation as well as accounting for element interaction effects in sections made
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of plate assemblies. Test data on stainless steel stub columns and beams were used to generate a
simple and continuous relationship between cross-section slenderness and cross-section deforma-
tion capacity, referred to as the design base curve. An elastic, linear hardening material model,
enabling exploitation of strain hardening, was also described. To validate the CSM design re-
sistance equations for cross-section compression and bending resistances, test data on stainless
steel stub columns and beams tests were used. Reliability analyses were also performed to sta-
tistically validate the method for compression and in-plane bending resistances of stainless steel
structural sections. It was shown that the method offers improved mean resistance and lower
scatter compared to the EN 1993-1-4 (2006) provisions, leading to more economical design.
Based on the research reported in Chapter 7 of this thesis, building on previous recent studies,
the method is now incorporated in the AISC Design Guide 27: Structural Stainless Steel (2013).
8.2 Suggestions for future research
Building on the research carried out on the continuous strength method, presented in Chap-
ter 7 of this thesis, suggestions for expanding the scope of the method to cover the design of
more structural components and structural loading scenarios are made. While the focus of this
study was on the more fundamental loading cases including the compression and bending resis-
tances of stainless steel cross-section, the method can be further extended to other more general
structural loading configurations. In particular, derivation of suitable design expressions for de-
termining the cross-section resistance under combined loading, including compression, bending
about the major axis and bending about the minor axis will be the next key advancement of
the method, where work towards it is currently underway elsewhere. Expansion of the method
to structural elements exhibiting instabilities including long columns and unrestrained beams
is also necessary, though the resulting enhancement in capacity due to strain hardening reduces
with increasing member slenderness. The development of the continuous strength method is
also essentially limited to sections comprising flat plates. Although these represent the most
widely used cross-sections for structural applications, extension of the design method to cover
the design of other cross-section types, such as circular hollow sections and the recently intro-
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duced elliptical hollow sections, will allow its wider use.
In Chapter 6, it was highlighted that the elevated temperature performance of ferritic stainless
steel welded I-section columns was significantly different from that of the cold-formed box sec-
tions. The main reason for this was believed to be due to the presence of residual stresses in the
welded I-section columns. Therefore, it is recommended that different buckling curves should be
provided for different section types and fabrication processes for elevated temperature design,
as is currently the case for room temperature design of stainless steel columns. Hence, building
on the work of Lopes et al. (2010) and that carried out in this thesis, more detailed studies on
the the buckling behaviour of stainless steel columns from different manufacturing processes is
required to enable suitable buckling curves, covering the common structural section types, to
be developed and included in future revisions of the relevant design codes.
A final recommendation for further work relates to design philosophy. Traditionally, the analy-
sis and design of steel structures are conducted as separate operations. The analysis is typically
based on the initial geometry of the structure and assumes infinitely elastic material behaviour.
More sophisticated second order analysis with or without allowance for plastic hinges is also
not uncommon. Frame imperfections may be considered through the application of equivalent
horizontal forces, but member imperfections, residual stresses and material strain hardening
will rarely be considered in the analysis. Having established the maximum forces and moments
in the structure under the various design load combinations, design checks, typically based on
consideration of isolated members and suitable empirically-based buckling curves (e.g. from EN
1993-1-1), are performed. Such an approach is generally suitable for simple, regular structures
and is familiar to structural engineers. However, with more complex structures, many of the
simplified design assumptions implicit within codes of practice are rendered inaccurate, result-
ing in the possibility of overly conservative or unsafe designs. The emergence of increasingly
sophisticated non-linear structural analysis tools, together with suitable advances in readily-
available computational power, now allows the analysis and design approaches to be integrated.
As such, in addition to non-linear geometry and material behaviour, the analysis would take
account of frame imperfections, as well as geometric imperfections, residual stresses and ma-
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terial strain hardening within the individual members; design checks could then be limited to
cross-section capacity only. There are many advantages to such an approach, all leading to a
more accurate representation of the true behaviour of the complete structure. For example,
member interaction is accurately accounted for under the different load combinations, buckling
lengths of individual members do not need to approximated based on assumed levels of end
restraint, redistribution of forces and moments arising from loss of stiffness is explicitly mod-
elled and benefit may be drawn from consideration of strain hardening of the material. Hence,
a suitable design framework within which the above considerations can be implemented, where
an integrated approach to the analysis and design of structures of non-linear materials is taken
could be developed.
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